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"
Research!goals! 373"
When+ we+ applied+ for+ an+ IWT+ scholarship+ the+ objective+ of+ this+ PhD+ research+ was+ to+ 374"
identify+ novel+ micropeptides+ and+ interesting+ sORF+ locations+ on+ a+ genomeAwide+ scale+ 375"
using+ both+ Next+ Generation+ Sequencing+ (NGS)+ and+ Mass+ Spectrometry+ (MS).+ At+ the+ 376"
time,+ limited+ information+ on+ micropeptides+ was+ available.+ A+ lot+ of+ what+ we+ knew+ 377"
regarding+ functionality+ and+ specific+ characteristics+ (expression,+ conservation...)+ was+ 378"
based+ on+ the+ one+ wellAdefined+ micropeptide+ encoding+ tarsal&less. gene+ in+ Drosophila. 379"
melanogaster.. Our+ first+ idea+ was+ to+ build+ a+ genomeAwide+ map+ of+ interesting+ sORF+ 380"
locations+ using+ existing+ tools+ such+ as+ sORFfinder.+ After+ an+ inital+ analysis+ of+ these+ 381"
regions,+ investigating+ conservation+ and+ coding+ potential,+ a+ combination+ of+ 382"
transcriptomics+and+MS+would+have+been+used+to+identify+new+and+interesting+putatively+ 383"
coding+sORF+locations.++ 384"
Not+ long+ after+ we+ started+ with+ the+ first+ genomeAwide+ bioinformatics+ analyses,+ a+ new+ 385"
paper+ was+ published+ by+ Ingolia+ et. al.+ on+ ribosome+ profiling+ (RIBOAseq)+ (Ingolia+ et+ al.,+ 386"
2011).+ A+ novel+ strategy+ was+ described+ based+ on+ sequencing+ of+ ribosome+ protected+ 387"
mRNA+fragments,++which+turned+out+te+be+very+useful+for+our+research+on+micropeptides+ 388"
(amongst+ other+ topics).+ Ribosome+ profiling+ experiments+ on+ mouse+ Embryonic+ Stem+ 389"
Cells+ (mESCs)+ had+ identified+numerous+ lncRNAs+ in+ the+mouse+genome+demonstrating+ 390"
expression+of+ sORFs,+ seen+as+ evidence+of+ a+ new+class+of+ short+ polycistronic+ ribosomeA 391"
associated+coding+RNAs+(sprcRNAs).+Furthermore,+it+changed+our+notion+on+translation+ 392"
initiation+ sites+ (TIS),+ showing+ that+ nearAcognate+ start+ sites+ are+ omnipresent+ in+ the+ 393"
mammalian+ genome+ and+ that+ a+ strong+ enrichment+ for+ nearAcognate+ over+ ATG+ TIS+ in+ 394"
short+CDS+sequences+such+as+uORFs+and+sprcRNAs+exists.++ 395"
We+then+realized+that+our+initial+approach,+using+existing+tools+to+identify+sORF+regions,+ 396"
would+no+longer+suffice+to+grasp+the+complexity+of+the+micropeptidome+(missing+out+on+ 397"
nearAcognate+ TIS+ sites+ etc.)+ (See+ Part+ II).+ Instead+ of+ concentrating+ on+ MS+ based+ miA 398"
cropeptide+ identifications+ using+ an+ incomplete+ search+ space,+ we+ choose+ to+ focus+ and+ 399"
invest+ time+ in+ the+RIBOAseq+ technology+and+ the+ subsequent+bioinformatics+ analysis+of+ 400"
RIBOAseq+ derived+ data.+ This+ would+ enable+ us+ to+ create+ muchAneeded+ bioinformatics+ 401"
tools;+ something+ that+ would+ prove+ indispensable+ in+ further+ MS+ based+ (micropeptide)+ 402"
research+(See+Part+III).+Our+work+on+this+subject+let+to+the+collaboration+between+Biobix,+ 403"
NXTGNT+and+the+Lab+of+Medical+Protein+Research+A+VIB+(Prof.+Petra+Van+Damme)+bringA 404"
ing+together+ the+necessary+knowAhow+to+perform+ inAhouse+RIBOAseq+experiments.+ It+ is+ 405"
within+that+context+that+we+started+developing+the+PROTEOFORMER+tool,+enabling+the+ 406"
generation+of+a+protein+synthesisAbased+MS+search+database+and+the+RIBOsORF+pipeline+ 407"
specifically+ tailored+ towards+ the+ identification+ of+ new+ sORF+ sequences+ based+ on+ both+ 408"
translation+ synthesis+ (RIBOAseq)+ and+ conservation,+ ultimately+ creating+ a+micropeptide+ 409"
search+space.++ 410"
4! Research"Goals"&"Outline"
"
Outline! 411"
The+ thesis+ consists+of+ five+different+parts.+Part& I& introduces+ some+basic+biological+ conA 412"
cepts.+ Known+ background+ for+ most+ readers,+ but+ nevertheless+ very+ important+ to+ fully+ 413"
understand+techniques+used+and+concepts+discussed+in+further+chapters.+The+first+chapA 414"
ter+ also+ includes+ an+ introduction+ to+ "Next+ Generation+ sequencing",+ more+ specifically+ 415"
Illumina+sequencing,+as+ the+ latter+ is+used+to+perform+ribosome+profiling+ (RIBOAseq).+As+ 416"
the+RIBOAseq+ technique+was+extensively+used+ throughout+my+PhD+ research+a+ compreA 417"
hensive+overview+of+ the+method+and+ its+applications+ is+ indispensable+ in+understanding+ 418"
this+work+(Chapter+2).+Part+I+ends+with+an+overview+of+current+micropeptide+research,+the+ 419"
core+topic+of+this+thesis.+It+is+an+updated+version+of+our+recently+published+review+article+ 420"
"Little.things.make.big.things.happen;.a.summary.of.micropeptide.encoding.genes"+giving+ 421"
an+introduction+on+known+and+functionally+annotated+micropeptides+and+micropeptideA 422"
specific+characteristics+and+presenting+an+overview+of+reported+systematic+methods+for+ 423"
putatively+coding+small+open+reading+frames+and/or+micropeptides.++ 424"
The+ first+objective+of+my+PhD+was+ to+ come+up+with+a+genomeAwide+map+of+putatively+ 425"
coding+sORFs.+The+paper+published+on+that+matter+is+presented+in+Part&II.&Based+on+the+ 426"
described+bioinformatics+ analysis+ thousands+ of+ highly+ conserved+ and+ interesting+ putaA 427"
tively+coding+sORFs+could+be+identified+in+the+mouse+genome.+Overlapping+these+highly+ 428"
conserved+putatively+coding+sORFs+with,+at+the+time,+very+recently+published+RIBOAseq+ 429"
data+on+mESCs+yielded+a+very+interesting+set+of+dozens+of+highly+conserved+sORFs,+tarA 430"
geted+by+ribosomes,+putatively+encoding+micropeptides.+ 431"
Part&III&first&describes+the+development+of+the+PROTEOFORMER+tool+in+chapter&5.+The+ 432"
outcome+ of+ specific+ RIBOAseq+ experiments,+ performed+ on+ both+ treated+ as+well+ as+ unA 433"
treated+ samples,+was+processed+with+ a+ subsequent+bioinformatics+pipeline,+whereby+a+ 434"
proteinAsynthesis+based+sequence+search+database+was+generated.+This+custom+protein+ 435"
database+can+be+applied+as+search+space+in+the+identification+process+of+mass+spectromA 436"
etry+ (MS)+ fragmentation+data.+This+strategy+ increases+ the+overall+protein+ identification+ 437"
rates+(improved+and+new+identifications)+and+also+enables+the+detection+of+5'Aextended+ 438"
proteoforms,+uORF+translation+and+nearAcognate+translation+start+sites.+& 439"
Results+presented+in+chapter+5+proved+that+a+RIBOAseq+based+approach+enables+the+deA 440"
lineation+of+true+ in.vivo+proteoforms+to+build+an+optimal+protein+sequence+search+dataA 441"
base.+Using+this+knowledge+we+developed+a+similar+pipeline,+specifically+tailored+towards+ 442"
the+creation+of+a+micropeptidome+search+space,+presented+in+chapter&6.&This+RIBOsORF+ 443"
tool,+that+again+exploits+the+specific+RIBOAseq+characteristics+and+furthermore+performs+ 444"
a+thorough+conservation+analysis+based+on+PhyloCSF,+results+in+a+putatively+coding+sORF+ 445"
sequence+search+database.++++ 446"
Outline" 5"
"
In+Part& IV,& the+ concluding+ chapter,+ a+ general+ conclusion+ on+ presented+ results+ and+miA 447"
cropeptide+research+as+a+whole+is+given,+followed+by+some+future+perspectives.+ 448"
+ 449"
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 The!Central!Dogma!of!Molecular!Biolo41" 474"
gy!and!DNA!Sequencing! 475"
" 476"
Deoxyribonucleic+acid+ (DNA)+ is+ the+molecule+ that+encodes+genetic+ instructions+used+ in+ 477"
the+development+and+functioning+of+most+living+organisms.+In+this+way,+it+can+be+seen+as+ 478"
the+blueprint+of+ life,+ encoding+all+ information+needed+ to+ synthesize+proteins.+A+ singleA 479"
strand+DNA+(ssDNA)+is+a+long+polymer+composed+of+4+small+molecules+called+nucleotides+ 480"
(adenine+(A),+cytosine+(C),+guanine+(G)+and+thymine+(T)).+DNA+molecules+usually+consist+ 481"
of+ two+antiparallel+ strands+arranged+ in+ the+ famous+double+helix+where,+as+Watson+and+ 482"
Crick+showed+in+1953,+A+always+bonds+to+T+and+C+always+bonds+to+G+(Watson+and+Crick,+ 483"
1953).+In+order+to+arrive+at+functional+gene+products,+the+information+stored+in+DNA+has+ 484"
to+be+first+imprinted+into+shortAlived+messenger+RNA+(mRNA)+before+it+can+be+translated+ 485"
into+a+sequence+of+amino+acids+(AA)+to+form+a+protein.+++ 486"
+ 487"
 The$Central$Dogma$of$Molecular$Biology$1.1" 488"
The+central+dogma+of+molecular+biology+is+a+very+general+framework+for+understanding+ 489"
the+ flow+of+ genetic+ information+between+ the+ three+ sequential+ informationAcarrying+biA 490"
opolymers+(DNA,+RNA+and+protein)+in+most+living+organisms.+It+was+first+stated+by+FranA 491"
cis+ Crick+ in+ 1958+ (Crick,+ 1958)+ and+ later+ reAstated+ in+ a+Nature+ paper+ published+ in+ 1970+ 492"
(Crick,+1970).+ 493"
There+ are+ in+ theory+ 9+ (3x3)+ conceivable+ direct+ transfers+ of+ information+ that+ can+ occur+ 494"
between+these+biopolymers.+The+dogma,+however,+states+that+in+general,+and+normally+ 495"
in+most+cells,+only+3+of+them+occur:+(I)+DNA+replication+(from+DNA+to+DNA);+(II)+transcripA 496"
tion+(from+DNA+to+RNA)+and+(III)+translation+(from+RNA+to+protein).+It+further+states+that+ 497"
such+ information+ cannot+ be+ transferred+ back+ from+protein+ to+ either+ protein+ or+ nucleic+ 498"
acid+(RNA+or+DNA).++ 499"
Although+the+central+dogma+ is+still+very+useful+as+a+basic+ framework+ in+order+to+underA 500"
stand+ the+ standard+ flow+ of+ information+ in+ a+ cell,+ a+ cornerstone+ of+ molecular+ biology,+ 501"
many+exceptions+to+this+dogma+are+now+known+as+a+result+of+genomic+studies+in+recent+ 502"
years+ (Bernstein+et+al.,+ 2012;+ENCODE+Project+Consortium+et+al.,+ 2007;+Gerstein+et+al.,+ 503"
2007).++ 504"
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1.1.1! DNA!Replication! 505"
The+copying+from+DNA+to+DNA+arguably+is+the+fundamental+step+in+the+central+dogma,+ 506"
as+it+is+needed+to+provide+genetic+material+for+the+progeny+of+any+cell,+somatic+or+reproA 507"
ductive.+ DNA+ replication+ occurs+ in+ the+ nucleus+ of+ eukaryotes+ during+ the+ synthesis+ (S)+ 508"
phase+of+the+cell+cycle+(See+Figure+1.1).+ 509"
510"
Figure' 1.1:' DNA. replication. involves. many. enzymes. structured. in. the. replication. fork... 511"
Source:.Public.domain,.author.Mariana.Ruiz.Villarreal.+ 512"
DNA+ replication+ starts+ at+ particular+ points+ in+ the+ DNA,+ known+ as+ "origins",+ which+ are+ 513"
targeted+by+ initiator+proteins.+The+enzyme+helicase+breaks+up+ the+hydrogen+bonds+beA 514"
tween+ the+ two+ strands+ of+ the+ DNA+ double+ helix,+ unwounded+ by+ topoisomerase,+ and+ 515"
forms+a+replication+fork.+Further+binding+of+singleAstrand+DNAAbinding+proteins+prevents+ 516"
premature+annealing.+Each+parental+strand+serves+as+a+template+and+replication+relies+on+ 517"
AAT+and+GAC+complementary+base+pairing.+DNA+polymerase+reads+from+3'+to+5'+ in+order+ 518"
to+add+complementary+nucleotides+to+the+template.+As+DNA+is+created+from+5'+to+3',+one+ 519"
strand+of+nascent+DNA+is+being+synthesized+in+the+same+direction+as+the+growing+replicaA 520"
tion+ fork+ (the+ leading+ strand);+ the+ lagging+ strand,+with+opposite+orientation,+ is+ syntheA 521"
sized+ in+short+separate+segments.+DNA+primase+reads+the+ lagging+template+strand+and+ 522"
initiates+ synthesis+of+a+RNA+primer,+which+ is+ subsequently+extended+by+DNA+polymerA 523"
ase,+forming+Okazaki+fragments.+These+are+later+joined+together+by+DNA+ligase+(Alberts,+ 524"
2008).++ 525"
1.1.2! Transcription! 526"
During+ the+ first+ step+of+gene+expression+a+portion+of+DNA,+corresponding+ to+a+gene,+ is+ 527"
copied+into+a+complementary,+antiparallel+messenger+RNA+(mRNA)+by+the+enzyme+RNA+ 528"
polymerase,+this+process+is+called+transcription+(See+Figure+1.2).++ 529"
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530"
Figure'1.2:'RNA.polymerase. transcribes.DNA. into.RNA..Following.mRNA.processing. (the. 531"
addition.of.3'.and.5'.caps.and.splicing.of.the.pre&mRNA).the.mRNA.leaves.the.nucleus.. In. 532"
the. cytoplasm. it. binds. to. ribosomes. that. ultimately. translate. the.mRNA. sequence. into. a. 533"
polypeptide. sequence. or. protein.. In. this. process,. transfer. RNA. (tRNA). brings. individual. 534"
amino.acids,.corresponding.to.the.mRNA.sequence,.to.the.ribosomes..(Harvard)... 535"
Together+with+a+number+of+transcription+factors,+RNA+polymerase,+forms+a+preinitiation+ 536"
complex+ around+ a+ core+promoter,+ a+ sequence+ in+ the+DNA+ that+ promotes+ transcription+ 537"
and+is+found+upstream+of+the+transcription+start+site+(TSS).+Following+promoter+release,+ 538"
RNA+polymerase+starts+adding+complementary+nucleotides+to+the+template+DNA+strand+ 539"
(or+ noncoding+ strand),+ except+ that+ uracil+ (U)+ is+ substituted+ for+ T,+ synthesizing+ a+ RNA+ 540"
molecule+in+a+5'+to+3'+direction.+++ 541"
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After+or+even+during+ the+actual+ transcription+process+ the+preAmRNA+undergoes+mRNA+ 542"
processing+before+the+RNA+is+translated.+Protective+caps,+preventing+exonuclease+activiA 543"
ty,+are+added+ to+ the+5'+ (single+G+with+a+5'A5'+bond)+and+3'+ (polyAAAtail)+ ends+of+ the+preA 544"
mRNA.+During+splicing+of+the+preAmRNA,+intron+sequences+are+removed+from+the+mRNA+ 545"
and+remaining+exons+are+ joined+to+reAform+a+single+continuous+molecule.+The+mRNA+is+ 546"
now+able+to+leave+the+nucleus+via+the+nuclear+pore+complex+that+recognizes+the+5'+cap.++ 547"
1.1.3! Translation! 548"
Following+transportation+from+the+nucleus+ into+the+cytoplasm,+the+mature+mRNA+finds+ 549"
its+way+to+a+ribosome+where+ it+gets+translated,+which+ is+ the+second+major+step+ in+gene+ 550"
expression+(See+Figure+1.2).++ 551"
Amino+acids+in+the+cytoplasm+are+attached+to+their+corresponding+(anticodon)+tRNA+by+ 552"
the+enzyme+aminoacyl+tRNA+synthetase,+in+accordance+with+the+genetic+code+(See+FigA 553"
ure+ 1.3).+ During+ capAdependent+ initiation+ the+ small+ ribosomal+ subunit+ forms+ a+ preA 554"
initiation+complex,+with+an+ initiator+ tRNA+and+ several+ eukaryotic+ initiator+ factors+ (eIF),+ 555"
that+binds+to+the+5'cap+of+the+mRNA+and+moves+along+the+mRNA+chain+towards+its+3'end,+ 556"
scanning+for+a+start+codon+(typically+AUG).+The+small+ribosomal+subunit+has+three+bindA 557"
ing+ sites;+ an+ amino+ acid+ (A),+ polypeptide+ (P)+ and+ exit+ (E)+ site.+When+ the+MetAcharged+ 558"
initiator+ tRNA+ is+moved+ to+ the+P+ site,+ the+ larger+ ribosomal+ subunit+ is+ able+ to+associate+ 559"
and+the+complete+ribosome+commences+translation+elongation.++ 560"
During+ elongation,+ depending+ on+ eukaryotic+ elongation+ factors,+ the+ ribosome+ moves+ 561"
along+ the+mRNA+ in+ the+5'+ to+3'+direction.+Upon+binding+of+a+new+ tRNA+at+ the+A+site,+a+ 562"
peptide+ bond+ is+ formed+ between+ the+ nowAadjacent+ amino+ acids+ through+ peptidylA 563"
transferase+ activity.+ After+ forming+ the+ peptide+ bond,+ the+ ribosome+ shifts+ and+ the+ first+ 564"
tRNA+now+occupies+the+E+site+from+where+it+ is+released+into+the+cytoplasm+to+pick+up+a+ 565"
new+amino+acid,+while+the+A+site+ is+again+empty+and+ready+to+receive+the+tRNA+for+the+ 566"
next+codon.+ 567"
No+tRNAs+recognize+one+of+the+three+stop+codons+(UAA,+UAG+and+UGA),+instead+these+ 568"
codons+ are+ targeted+ by+ eukaryotic+ release+ factors.+ These+ proteins+ facilitate+ release+ of+ 569"
the+mRNA+from+the+ribosome+and+dissociation+of+the+latter,+terminating+the+translation+ 570"
process+(Clancy+and+Brown,+2008).+ 571"
+ 572"
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573"
Figure'1.3:.Overview.of. the.Standard.Genetic.Code. including.all.amino.acids.specified.by. 574"
each.mRNA.codon..Multiple.codons.can.code.for.the.same.amino.acid..AUG.normally.is.the. 575"
start.codon.and.UAA,.UAG.and.UGA.code.for.termination.(stop).codons.. .Source:.(Clancy+ 576"
and+Brown,+2008).. 577"
+ 578"
 DNA$Sequencing$1.2" 579"
A+systematic+overview+of+DNA+sequencing+ lies+well+beyond+the+scope+of+ this+ introducA 580"
tion.+ Numerous+ reviews+ are+ available+ (Ansorge,+ 2009;+ Janitz,+ 2008;+ Liu+ et+ al.,+ 2012;+ 581"
Mardis,+2008;+Morey+et+al.,+2013;+Strausberg+et+al.,+2008),+depicting+a+complete+picture+ 582"
of+ the+ history,+ technologies+ and+ applications+ of+ first,+ second+ and+ third+ generation+ seA 583"
quencing.+The+development+of+ribosome+profiling+(RIBOAseq),+the+main+focus+of+the+next+ 584"
chapter,+was+only+possible+because+of+ the+ rapid+progress+ in+ this+ research+area.+A+short+ 585"
introduction+on+(nextAgeneration)+sequencing+and+more+specifically+Illumina+sequencing+ 586"
is+presented+in+the+following+paragraphs+as+this+technology+was+used+to+perform+RIBOA 587"
seq+experiments+discussed+in+later+parts.++ 588"
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1.2.1! Sanger!Sequencing! 589"
After+the+discovery+of+the+double+helix+DNA+structure+by+Watson+and+Crick+in+1953+(WatA 590"
son+ and+ Crick,+ 1953)+ leading+ to+ the+ central+ dogma+ of+ biology,+ it+ took+ until+ the+ midA 591"
seventies+ before+ nucleotide+ fragments+ could+ be+ reliably+ analyzed+ for+ their+ sequence.+ 592"
Using+a+RNA+sequencing+method,+Walter+Fiers+and+coworkers+were+able+to+sequence+the+ 593"
first+complete+gene+in+1972+(Min+Jou+et+al.,+1972)+and+the+complete+genome+of+BacterioA 594"
phage+MS2+in+1976+(Fiers+et+al.,+1976)+at+our+university.+++ 595"
The+true+era+of+DNA+sequencing+started+however+when+Frederick+Sanger+and+colleagues+ 596"
developed+the+chainAtermination+method,+called+Sanger+sequencing+after+its+inventor,+in+ 597"
1977+(Sanger+et+al.,+1977).+The+classical+chainAtermination+method+uses+a+short+oligonuA 598"
cleotide+ sequence,+ which+ acts+ as+ primer+ for+ the+ synthesis+ of+ the+ complimentary+ seA 599"
quence,+after+annealing+to+a+single+strand+DNA+(ssDNA)+template.+In+four+different+reacA 600"
tions+a+mixture+of+DNA+polymerase,+normal+deoxynucleosidetriphosphates+(dNTPs)+and+ 601"
modified+ diAdeoxynucleosidetriphosphates+ (ddNTPs)+ are+ added+ to+ the+ DNA+ template.+ 602"
ddNTPs+are+chainAterminating+nucleotides+that+lack+a+3'Ahydroxyl+group+required+for+the+ 603"
formation+of+a+phosphodiester+bond+between+two+nucleotides+ultimately+ceasing+extenA 604"
sion+by+DNA+polymerase.+After+running+the+four+reactions+sideAbyAside+on+a+polyacrylaA 605"
mide+sequencing+gel,+newly+generated+sequences+can+be+read+from+the+positions+of+the+ 606"
bands+in+the+gel.+++ 607"
In+ the+ following+decades+multiple+ improvements+ to+ the+original+ technique+were+develA 608"
oped+ and+ it+ would+ become+ the+ most+ used+ sequencing+ method+ for+ approximately+ 25+ 609"
years+before+being+supplanted+by+Next+Generation+Sequencing+methods.+ 610"
1.2.2! Next!Generation!Sequencing! 611"
After+completion+of+the+human+genome+project+in+2001,+using+Sanger+sequencing,+interA 612"
est+ in+ novel+ (with+ a+ focus+ on+ increased+ speed+ and+ accuracy)+ and+ cheaper+ sequencing+ 613"
technologies+emerged+(Collins+et+al.,+2003).+Soon+thereafter+a+number+of+new+sequencA 614"
ing+platforms+were+launched.+In+2005,+454+Life+Sciences+introduced+the+GS20+instrument+ 615"
as+ the+ first+nextAgeneration+system+on+ the+market.+ It+was+however+ the+ release+of+ their+ 616"
followAup+ sequencer,+ the+ Genome+ Sequencer+ FLX+ (GSAFLX),+ in+ 2007+ that+marked+ the+ 617"
true+ start+ of+ next+ generation+ sequencing.+ After+ commercialization+ of+ the+ Solexa+ seA 618"
quencing+platform+in+2006,+Illumina+acquired+the+company+in+early+2007,+rebranding+its+ 619"
sequencer+ as+ the+ Illumina+ Genome+ Analyzer.+ In+ late+ 2007,+ third+ player+ to+ the+market+ 620"
Applied+Biosystems,+ introduced+ the+ABI+Solid+system+ (Ansorge,+2009).+Together+ these+ 621"
three+NGS+technologies+(454,+Illumina+and+Solid)+truly+disrupted+the+sequencing+market+ 622"
with+sequencing+costs+plummeting+over+the+next+few+years+(See+Figure+1.4).+++++ 623"
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624"
Figure'1.4:'Cost.per.raw.Megabase.of.DNA.Sequence..The.cost.of.determining.one.mega& 625"
base. (Mb;. a. million. bases). of. DNA. sequence. at. the. National. Human. Genome. Research. 626"
Institute.(NHGRI).(Wetterstrand,+2014)..The.data.from.2001.through.October.2007.repre& 627"
sent.the.costs.of.generating.DNA.sequence.using.Sanger&based.chemistries.and.capillary& 628"
based. instruments. ('first. generation'. sequencing. platforms).. Beginning. January. 2008,. the. 629"
data. represent. the.costs.of.generating.DNA.sequence.using. 'second&generation'. (or. 'next& 630"
generation'). sequencing. platforms.. To. illustrate. the. nature. of. the. reductions. in. DNA. se& 631"
quencing. costs,. the. graph. also. shows. hypothetical. data. reflecting. Moore's. law. (Moore,+ 632"
1965)..This.is.a.computing.term.stating.that.the.number.of.transistors.on.a.CPU.(as.a.proxy. 633"
to.processor.speed).doubles.every.2.years.and.hence.their.price.falls.at.the.same.rate..... 634"
1.2.3! Illumina!sequencing! 635"
Illumina+sequencing+also+known+as+largeAscale+parallel+sequencingAbyAsynthesis+is+at+the+ 636"
moment+the+most+frequently+used+NGS+technology,+due+to+ its+potential+high+yield+and+ 637"
low+ cost+ per+ base.+ The+ company+ sells+ a+ number+ of+ different+ sequencers+ including+ the+ 638"
Miseq,+MiseqDx,+ NextSeq+ 500,+ HiSeq+ 2500+ and+ the+ HiSeq+ X+ ten+ (Illumina,+ 2014).+ The+ 639"
latter+is+the+first+sequencing+platform+that,+according+to+Illumina,+enables+the+sequencing+ 640"
of+a+$1000+human+genome.++ 641"
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After+ library+ preparation,+ DNA+ fragments+ are+ amplified+ by+ bridge+ amplification+ and+ a+ 642"
process+ of+ reversible+ dyeAterminator+ sequencingAbyAsynthesis+ enables+ reading+ of+ the+ 643"
actual+sequence+(See+Figure+1.5)+(Mardis,+2008).++ 644"
645"
Figure'1.5:.Overview.of.the.Illumina.sequencing.technology..(I).In.a.first.step,.adapters.are. 646"
ligated.to.fragmented.cDNAs..(II).These.cDNA.fragments.are.immobilized.on.the.solid.sur& 647"
face.of.a. flow.cell..Bridge.amplification.via.an. isothermal.amplification.process,. is. subse& 648"
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quently. used. in. order. to. synthesize. clusters. of. identical. fragments.. After. denaturation,. 649"
sequencing. primers. are. annealed.. (III). Using. 3'. blocked. and. fluorescently. labeled. nucleo& 650"
tides,.amplified.cDNA.fragments.are. finally.sequenced.using.the.dye&terminator.sequenc& 651"
ing&by&synthesis.mentioned.below..Source:.(Ansorge,+2009).. 652"
DNA+is+first+fractioned+into+smaller+fragments+of+100+A+300+bps+before+adapters+are+ligatA 653"
ed+ to+ the+ endArepaired+ fragments.+After+ size+ selection+ and+ purification,+ fragments+ are+ 654"
ready+to+undergo+cluster+generation+using+a+process+called+bridge+amplification,+necesA 655"
sary+to+obtain+a+sufficiently+strong+signal+in+further+processing+(Janitz,+2008).++ 656"
DNA+fragments+hybridize+to+the+surface+of+a+flow+cell+using+primers+complementary+to+ 657"
the+ ligated+adapters.+After+ synthesis+of+a+ complementary+ strand+starting+ from+the+priA 658"
mer,+the+original+DNA+strand+is+denatured+and+washed+away.+The+actual+bridge+amplifiA 659"
cation+ process;+ hybridization+ of+ the+molecule+ to+ a+ complementary+ primer+ followed+by+ 660"
DNA+extension+from+the+primer+onwards+(forming+a+dsDNA)+and+subsequent+denaturaA 661"
tion,+is+repeated+35+times+to+create+a+dense+cluster+of+2000+molecules.+Finally,+sequencA 662"
ing+primers+are+annealed+to+the+DNA+template+after+washing+away+the+reverse+strands+ 663"
(Ansorge,+2009).++ 664"
Clonal+ clusters+ on+ the+ flowAcell+ surface+ are+ then+ sequenced+ simultaneously,+ using+ the+ 665"
dyeAterminator+ sequencingAbyAsynthesis+ approach.+ First,+ bases+ blocked+ at+ their+ 3'+ end+ 666"
are+added+ to+ the+ reaction+ so+ that+only+ 1+base+ is+ incorporated.+Fluorescence+of+ the+ last+ 667"
incorporated+ base+ is+ emitted+ by+ the+ imaging+ system.+ After+ removing+ the+ 3'+ blocking+ 668"
group+and+ fluorescence+ label+ the+previous+process+ is+ cyclically+ repeated+ in+order+ to+ seA 669"
quence+ the+ complete+ template+ DNA+ stretches+ (Morey+ et+ al.,+ 2013;+ Strausberg+ et+ al.,+ 670"
2008)+ 671"
+ 672"
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 Ribosome!Profiling!2" 673"
+ 674"
 Introduction$2.1" 675"
As+already+mentioned+ in+Chapter+1.2,+ the+human+genome+project+boosted+ the+ interest+ 676"
in,+ and+ the+ development+ of+ fast+ and+ cheap+mass+ sequencing+ technologies.+ Instead+ of+ 677"
studying+ single+ molecules,+ researchers'+ focus+ shifted+ towards+ the+ study+ of+ the+ whole+ 678"
composition+of+ those+molecules.+The+advent+of+ these+ technologies,+ together+with+new+ 679"
approaches+to+understanding+life,+resulted+in+what+is+often+referred+to+as+'the.omics.revo& 680"
lution'.(Martín+et+al.,+2009).+However,+most+of+these+techniques+only+enable+us+to+study+ 681"
the+ static+ state+ of+ one+ of+ the+ information+ carrying+ biopolymers+ in+ the+ cell+ (See+ Figure+ 682"
2.1).+ +RNAAseq+enables+us+ for+example+ to+ study+ the+ composition+of+ the+ transcriptome,+ 683"
while+mass+ spectrometry+ gives+ us+ information+ on+ the+ proteome.+ Taking+ into+ account+ 684"
varying+RNA+transcript+stability+and+the+high+variability+in+protein+molecule+halfAlives,+a+ 685"
lot+of+(often+problematic)+assumptions+need+to+be+made+when+studying+gene+expression+ 686"
and+transcription+levels+based+on+these+techniques.++ 687"
688"
Figure'2.1:'The.standard.flow.of.information.in.the.cell;.DNA.replication,.transcription.and. 689"
translation.(See.Chapter.1).and.the.different.high&throughput.techniques.used.to.study.the. 690"
whole.composition.of.information.carrying.biopolymers.(DNA/genome,.RNA/transcriptome. 691"
and. protein/proteome).. RIBO&seq. or. genome&wide. information. on. protein. synthesis. 692"
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(GWIPS). enables. the. study. of. the. molecular. state. of. a. cell. at. the. level. of. translation.. 693"
Source:.(Michel+and+Baranov,+2013).+ 694"
+ 695"
 Genome=Wide$Information$on$Protein$Synthesis$2.2" 696"
Until+ recently,+ actual+ genomeAwide+protein+ synthesis+was+often+ studied+with+polyriboA 697"
some+ analysis+ or+ polysome+ profiling+ (Esposito+ et+ al.,+ 2010).+ For+ this+ procedure+ 698"
mRNA/ribosome+ complexes+ are+ first+ isolated+ from+ the+ cells.+ Then+ polysomes+ (mRNAs+ 699"
bound+ to+multiple+ ribosomes)+are+ separated+ from+monosomes+using+a+ sucrose+density+ 700"
gradient.+ The+ abundance+ of+ RNA+ in+ the+ polysome+ fraction+ can+ then+ be+ analyzed+with+ 701"
RNAAseq+ or+ microarray+ techniques+ to+ study+ translational+ activity+ (Arava+ et+ al.,+ 2003;+ 702"
Genolet+et+al.,+2008;+Larsson+et+al.,+2010;+Rajasekhar+et+al.,+2003).+However,+with+polyA 703"
some+profiling,+it+is+still+impossible+to+know+for+sure+if+the+bound+ribosomes+actually+form+ 704"
a+protein+(e.g.+5'+uORFs)+and/or+which+open+reading+frame+(ORF)+is+being+translated.++ 705"
Using+the+ability+of+ribosomes+to+protect+a+footprint+(~+30+nucleotides)+of+its+mRNA+temA 706"
plate+from+nuclease+digestion,+its+position+can+be+determined+(Steitz,+1969).+This+methA 707"
odology,+combined+with+ the+advent+of+deepAsequencing+technologies,+enabled+the+deA 708"
velopment+of+the+ribosome+profiling+(RIBOAseq)+strategy+(also+called+ribosome+footprintA 709"
ing)+in+the+laboratory+of+Jonathan+Weissman+at+the+University+of+California,+San+francisco+ 710"
(Ingolia+et+al.,+2011;+2009).+By+sequencing+those+ribosome+protected+mRNA+fragments,+a+ 711"
comprehensive+ highAprecision+ measurement+ of+ in. vivo+ translation+ with+ subcodon+ to+ 712"
singleAnucleotide+ precision+ is+ provided.+ In+ comparison+ to+ RNAAseq+ or+ even+ polysome+ 713"
profiling,+ this+ is+ a+ far+more+ appropriate+method+ to+ study+ true+ gene+ expression+ at+ the+ 714"
translational+level+(See+Figure+2.1).++ 715"
The+ true+ strength+ of+ RIBOAseq+ arises+ from+ the+ use+ of+ different+ treatments+ in+ order+ to+ 716"
stall+or+block+initiating+and+elongating+ribosomes.+Elongating+ribosomes+can+be+blocked+ 717"
by+cycloheximide+or+emetine,+these+are+antibiotics+that+bind+to+the+exit+site+of+the+riboA 718"
somal+ subunits+ and+ block+ subsequent+ ribosomal+ translocation,+ or+ by+ thermal+ freezing+ 719"
(Ingolia+et+al.,+2009;+2011;+Oh+et+al.,+2011).+Initiating+ribosomes+can+be+studied+by+direct+ 720"
blocking.+Lactimidomycin+functions+ in+a+similar+way+as+cycloheximide+and+emitine,+but+ 721"
since+ it+ is+ larger;+ it+ can+only+bind+ the+empty+exit+ sites+of+ initiating+ ribosomes.+HarringA 722"
tonine+ binds+ free+ 60S+ ribosomal+ subunits+ that+ form+ an+ 80S+ at+ a+ start+ site,+ but+ do+ not+ 723"
move+forward+(Ingolia+et+al.,+2011;+Lee+et+al.,+2012).+Puromycin+on+the+other+hand+releasA 724"
es+peptideAelongating+ribosomes+and+needs+a+cycloheximide+treatment+in+order+to+idenA 725"
tify+start+sites+(Fritsch+et+al.,+2012).+These+two+distinct+RIBOAseq+strategies,+or+a+combiA 726"
nation+thereof,+enable+the+characterization+of+a+plethora+of+biological+phenomena,+disA 727"
cussed+in+great+detail+in+paragraph+2.4.++ 728"
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 Experimental$procedure$2.3" 729"
The+complete+experimental+design+for+RIBOAseq+in+cultured+cells+was+published+in+2012+ 730"
in+Nature+ Protocols+ (Ingolia+ et+ al.,+ 2012),+ comprising+ a+ total+ of+ 66+ steps,+ for+which+ an+ 731"
overview+is+given+in+Figure+2.2.+The+protocol,+as+explained+in+the+next+paragraphs,+is+only+ 732"
suitable+ for+mammalian+ cultured+ cells,+ unless+ stated+ otherwise.+ If+ performed+ on+ other+ 733"
species+or+samples+the+protocol+might+need+some+adjustments.++ 734"
735"
Figure'2.2:+Overview.of.the.ribosome.profiling.procedure.(Ingolia+et+al.,+2012)..(1).Cell.lysis,. 736"
nuclease.footprinting.and.ribosome.recovery..(2).Footprint.fragment.purification..(3).Linker. 737"
ligation..(4).Reverse.transcription..(5).Circularization..(6).rRNA.depletion..(7).PCR.amplifica& 738"
tion..(8).Sequencing.and.analysis..Source:.(Ingolia+et+al.,+2012).. 739"
Any+drug+pretreatment+should+be+carried+out+before+the+ library+preparation.+For+examA 740"
ple,+ preAtreatment+ with+ lactimidomycin+ will+ enrich+ for+ initiating+ ribosomes,+ enabling+ 741"
coding+ORF+delineation+and+annotation+(See+paragraph+2.2).+The+main+procedure+starts+ 742"
with+the+preparation+of+cell+lysates.+In.situ.detergent+lysis+proved+to+work+best+for+mamA 743"
malian+ cultured+ cells,+ minimizing+ perturbation+ between+ normal+ growth+ and+ ribosome+ 744"
extraction.+ Mammalian+ cells+ and+ tissue+ that+ require+ physical+ disruption+ for+ ribosome+ 745"
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extraction+can+be+ flashAfrozen,+ followed+by+cryogenic+pulverization+and+ thawing+ in+ the+ 746"
presence+of+translation+inhibitors+(del+Prete+et+al.,+2007).+++ 747"
The+cell+lysis+can+now+be+treated+with+RNAse+I+during+nuclease+footprinting,+converting+ 748"
ribosome+positions+into+RNA+sequence+tags+that+can+be+analyzed+with+NGS.+Since+lysis+ 749"
buffer+ conditions+ have+ an+ effect+ on+ the+ size+ and+ reading+ frame+ precision+ of+ ribosome+ 750"
footprints,+ reducing+ salt+ (overcoming+ ionic+ strength)+ and+ magnesium+ concentrations+ 751"
(otherwise+ inhibiting+ spontaneous+ conformational+ changes+ in+ ribosomes+ (Blanchard+ et+ 752"
al.,+2004)),+improves+resolution+and+enables+higherAprecision+footprinting+(Ingolia+et+al.,+ 753"
2012).++ 754"
Following+nuclease+digestion,+ intact+ ribosomeAfootprint+complexes+are+ recovered+ from+ 755"
cell+ lysates,+before+RNA+can+be+extracted.+Ribosome+purification+ is+done+by+a+densityA 756"
based+ separation+ through+a+ 1+M+ sucrose+ cushion+using+ sedimentation.+Although+much+ 757"
more+ challenging,+ using+ a+ sucrose+ density+ gradient+ purification+ in+ order+ to+ purify+ 80s+ 758"
ribosome+particles,+can+also+be+used+and+should+in+principle+be+more+specific.+To+purify+ 759"
the+ footprint+ fragments,+ they+need+ to+be+ loaded+on+ a+ polyacrylamide+gel+with+ control+ 760"
oligo+ samples,+ visualizing+upper+and+ lower+markers+ for+ the+26Ant+ to+34Ant+ region.+RNA+ 761"
can+be+recovered+from+the+excised+gel+region+by+precipitation+in+an+extraction+buffer.++ 762"
RNA+footprints+have+to+be+converted+into+a+doubleAstranded+DNA+sequencing+library+for+ 763"
Illumina+ NGS.+ Specific+ preadenylated+ DNA+ linker+ sequences+ are+ added+ to+ the+ 764"
dephosphorylated+RNA+ target+ fragments+using+a+genetically+modified+RNA+ ligase.+UsA 765"
age+of+ specific+optimized+primers+during+ the+ reverse+ transcription+ (and+PCR+amplificaA 766"
tion)+ phase+will+ allow+ sequencing+with+ standard+ Illumina+ primers+ in+ a+ later+ step.+ After+ 767"
extraction+ from+a+ gel+ to+ separate+ reverseAtranscription+ products+ from+unextended+priA 768"
mers,+DNA+is+circularized.++ 769"
The+circularized+DNA+still+contains+a+lot+of+rRNAAderived+sequences.+This+contamination+ 770"
significantly+decreases+the+amount+of+informative+sequence+data+obtained+from+a+RIBOA 771"
seq+experiment.+Depletion+of+firstAstrand+cDNAs,+originating+from+highAabundance+conA 772"
taminants,+ can+ be+ achieved+by+ hybridization+ to+ biotinylated+ senseAstrand+ oligonucleoA 773"
tides+ and+ removal+ of+ those+ duplexes+ through+ streptavidin+ affinity.+ Alternatively+ or+ in+ 774"
combination,+ an+ approach+ using+ the+ RiboAZeroTM+ rRNA+ removal+ kits+ (Epicentre®)+ can+ 775"
also+be+used.+ 776"
A+final+PCR+amplification+and+barcode+addition+step+will+create+the+necessary+amount+of+ 777"
doubleAstranded+ library+DNA+needed+ for+ sequencing+on+ the+ Illumina+ sequencer,+as+deA 778"
scribed+ in+ chapter+ 1.2.+ Following+ sequencing,+ RIBOAseq+ derived+ data+ can+ be+ preproA 779"
cessed+and+aligned+to+the+genome+using+customized+RNAAseq+analysis+tools.+In+chapter+5+ 780"
and+6+we+present+the+first+RIBOAseq+specific+analysis+pipelines.++ 781"
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Since+the+publication+of+the+original+protocol,+commercial+kits+are+also+made+available.+ 782"
Epicentre®+ recently+ launched+ the+ ARTseqTM+ ribosome+ profiling+ kits+ compatible+ with+ 783"
yeast+ and+ mammalian+ cell+ lysates.+ They+ incorporated+ a+ rapid+ and+ simplified+ sizeA 784"
exclusion+spinAcolumn+method+to+isolate+the+ribosome+monosome+complexes+instead+of+ 785"
the+ultracentrifugation+step+used+by+Ingolia+et+al.,+2012.++ 786"
+ 787"
 Applications$2.4" 788"
Ribosome+profiling+experiments+were+first+performed+on+yeast+(Ingolia,+2010;+Ingolia+et+ 789"
al.,+ 2009)+ and+mouse+ cell+ lines+ (Ingolia+ et+ al.,+ 2011;+ 2012)+ by+ Nicolas+ T.+ Ingolia+ at+ the+ 790"
Weismann+lab.+Since+then,+others+have+also+performed+RIBOAseq+experiments+on+yeast+ 791"
(Artieri+and+Fraser,+2013;+BaudinABaillieu+et+al.,+2014;+Brar+et+al.,+2012;+Cai+and+Futcher,+ 792"
2013;+Duncan+and+Mata,+2014;+Gerashchenko+and+Gladyshev,+2014;+Gerashchenko+et+al.,+ 793"
2012;+Guydosh+and+Green,+2014;+Labunskyy+et+al.,+2014;+Lareau+et+al.,+2014;+McManus+et+ 794"
al.,+2014;+Muzzey+et+al.,+2014;+Shalgi+et+al.,+2013;+Smith+et+al.,+2014;+Vaidyanathan+et+al.,+ 795"
2014),+mouse+ (Cho+et+ al.,+ 2012;+Gonzalez+et+ al.,+ 2014;+Guo+et+ al.,+ 2010;+Howard+et+ al.,+ 796"
2013;+Hurt+et+al.,+2013;+Ingolia+et+al.,+2014;+Menschaert+et+al.,+2013;+Thoreen+et+al.,+2012;+ 797"
Van+Damme+et+al.,+2014;+Wein+et+al.,+2014),+human+(Fritsch+et+al.,+2012;+Han+et+al.,+2014;+ 798"
Hsieh+et+al.,+2012;+Koch+et+al.,+2014;+Lee+et+al.,+2012;+Liu+et+al.,+2013a;+Reid+and+Nicchitta,+ 799"
2012;+Rooijers+et+al.,+2013;+Shi+et+al.,+2014;+Stumpf+et+al.,+2013;+Wang+et+al.,+2013;+Wiita+et+ 800"
al.,+2013),+zebrafish+(Bazzini+et+al.,+2014;+Chew+et+al.,+2013;+Lee+et+al.,+2013),+frog+(SubA 801"
telny+et+al.,+2014),+fruit&fly+(Aspden+et+al.,+2014;+Dunn+et+al.,+2013;+Kronja+et+al.,+2014),+C.' 802"
elegans. (Hendriks+et+al.,+2014;+Stadler+et+al.,+2012;+Stadler+and+Fire,+2011),.A.'thaliana. 803"
(Juntawong+et+al.,+2014;+Liu+et+al.,+2013c),+viruses+ (Arias+et+al.,+2014;+SternAGinossar+et+ 804"
al.,+2012),+bacteria+(Elgamal+et+al.,+2014;+Haft+et+al.,+2014;+Li+et+al.,+2014;+2012;+Liu+et+al.,+ 805"
2013d;+Malecki+et+al.,+2014;+Oh+et+al.,+2011;+Schrader+et+al.,+2014)+and+T.'brucei.(Vasquez+ 806"
et+al.,+2014).+ 807"
The+ number+ of+ published+ research+ papers+with+ original+ RIBOAseq+ data+ has+ grown+ treA 808"
mendously+ fast+ during+ the+ last+ couple+ of+months+ (See+ Figure+ 2.3).+ + An+ overview+ of+ all+ 809"
these+topics+would+make+this+introduction+too+long.+In+stead+the+most+important+findings+ 810"
and/or+RIBOAseq+ (specific)+ applications+ from+ the+ articles+mentioned+above+will+ be+preA 811"
sented+in+the+next+paragraphs.++ 812"
Knowledge+gathered+ from+RIBOAseq+ studies+ can+be+ divided+ into+ 3+ broad+ categories;+ i)+ 813"
measuring+profiles+of+protein+synthesis,+ii)+monitoring+the+actual+translation+process+and+ 814"
maturing+ of+ nascent+ polypeptides+ and+ iii)+ the+ annotation+ of+ translated+ sequences+ in+ 815"
complicated+transcriptomes.++ 816"
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Figure'2.3:.Number.of.published. research.papers.available. through.Pubmed.with.original. 818"
RIBO&seq.data,.per.publication.year..*Data.for.2014.only.includes.papers.published.before. 819"
September.1st.. 820"
2.4.1! Mechanisms!of!protein!synthesis! 821"
Different+mechanisms+ influence+protein+ synthesis+ and+ cotranslational+ processing;+with+ 822"
the+advent+of+RIBOAseq+it+is+now+possible+to+study+those+on+a+genomeAwide+scale+in+living+ 823"
cells+ (See+Figure+2.4).+The+ first+RIBOAseq+ study+ in+ yeast+ immediately+demonstrated+ its+ 824"
advantages+over+prior+approaches.+When+comparing+mRNA+abundance+with+the+rate+of+ 825"
translation+between+different+yeast+transcripts,+a+100Afold+range+in+translation+efficiency+ 826"
(the+ratio+of+ribosome+footprints+to+mRNA+fragments)+could+be+measured,+next+to+a+set+ 827"
of+ translationally+ inactive+mRNA+ transcripts+ (Ingolia+ et+ al.,+ 2009).+ In+S.. cerevisiae,. altA 828"
hough+ global+ translation+ levels+ decreased+ during+meiosis,+ geneAspecific+ temporal+ and+ 829"
stageAspecific+ changes+ in+ translational+ efficiency+ could+ also+ be+ identified+ (Brar+ et+ al.,+ 830"
2012).+Others+also+identified+temporal+regulation+of+viral+gene+translation+in+cytomegalA 831"
ovirus+infected+human+foreskin+fibroblasts+(SternAGinossar+et+al.,+2012).++ 832"
One+topic+of+current+debate+ is+ the+possible+occurrence+of+ slower+elongation+at+ the+beA 833"
ginning+of+genes.+Different+RIBOAseq+studies+indeed+seem+to+identify+slower+elongation+ 834"
at+ the+ beginning+ of+ coding+ sequences.+ Averaged+ over+ the+ transcriptome+ (Dana+ and+ 835"
Tuller,+2012;+Ingolia+et+al.,+2009;+Reid+and+Nicchitta,+2012;+Tuller+et+al.,+2010),+however,+ 836"
other+studies+suggest+that+higher+ levels+of+translation+of+short+genes+cause+this+"ramp"+ 837"
(Shah+et+ al.,+ 2013).+ Slower+ elongation+ is+ also+ apparent+ at+wobble+ codons+ in+C.. elegans. 838"
and+humans+(Stadler+and+Fire,+2011),+downstream+of+clusters+of+positive+residues+in+yeast+ 839"
(Charneski+and+Hurst,+2013),+proline+and+purine+rich+motifs+ in+bacteria+and+mammalian+ 840"
cells+ (Li+et+al.,+2012;+Woolstenhulme+et+al.,+2013)+and+because+of+more+complicated+ inA 841"
teractions+between+the+nascent+polypeptide+and+the+ribosome+exit+tunnel+through+which+ 842"
these+ leave+ the+ ribosome+complex+ into+ the+cellular+environment+ (Ito+and+Chiba,+2013).+ 843"
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These+examples+of+ribosome+stalling+all+lead+to+pausing+sites,+clearly+visible+in+RIBOAseq+ 844"
data+(See+Figure+2.4a).++ 845"
846"
Figure' 2.4:'Mechanisms. of. protein. synthesis.. a). Ribosome. stalling. at. specific. positions. 847"
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within.a.gene.leads.to.a.peak.of.ribosome.footprint.density..b).Ribosome.footprints.in.asso& 848"
ciation.with.co&translational.protein.biogenesis.factors.can.be.purified.in.a.pull&down.assay,. 849"
giving.information.on.the.time.and.position.of.these.trigger.factor.actions..Source:.(Ingolia,+ 850"
2014).. 851"
Translation+ is+an+energetically+expensive+process+and+ therefore+very+ sensitive+ to+ stress+ 852"
conditions+ such+ as+ amino+ acid+ starvation+ (Ingolia+ et+ al.,+ 2009).+ Other+ cotranslational+ 853"
processes+during+protein+biogenesis+are+also+influenced+by+environmental+stresses.+ProA 854"
tein+ folding+ capacity,+ for+ example,+ can+ be+ compromised+ under+ stress+ conditions,+ and+ 855"
cells+react+to+this+by+reducing+protein+synthesis+levels.+Recent+RIBOAseq+studies+revealed+ 856"
a+ link+ between+ oxidative+ stress+ (Gerashchenko+ et+ al.,+ 2012),+ heat+ shock+ (Shalgi+ et+ al.,+ 857"
2013)+and+chemically+ induced+misfolding+ (Liu+et+al.,+2013a)+and+translation+attenuation+ 858"
by+ restricting+ elongation.+ Intriguingly,+ translation+ elongation+ due+ to+ folding+ stress+ is+ 859"
stalled+at+the+moment+when+the+nascent+peptide+first+emerges+from+the+ribosome.++ 860"
Using+an+approach+similar+to+chromatin+immunoprecipitation+sequencing+(CHIPAseq)+(for+ 861"
the+ study+ of+ in. vivo+ transcription),+ purified+ subpopulations+ of+ ribosomes+ (for+ example+ 862"
bound+by+chaperones)+can+be+monitored+with+RIBOAseq+(See+Figure+2.4b).+In+bacteria+for+ 863"
example,+ this+ showed+ that+ chaperone+ trigger+ factor+ (assists+ folding)+ crosslinking+ with+ 864"
nascent+ polypeptides+ began+ to+ appear+ after+ ~120+ codons,+ well+ after+ their+ emergence+ 865"
from+the+ribosome+(Oh+et+al.,+2011).++ 866"
2.4.2! Translational!control!of!gene!expression! 867"
In+order+to+study+translational+regulation,+a+first+ important+step+would+be+to+accurately+ 868"
assess+ the+ ultimate+ levels+ of+ protein+ synthesis+ after+ all+ layers+ of+ transcriptional,+ postA 869"
transcriptional+ and+ translational+ control.+ In+ contrast+ to+ transcriptAlevel+ based+profiling,+ 870"
ribosome+profiling+enables+accurate+measurement+of+translation.+This+helps+to+capture+a+ 871"
more+ complete+ picture+ of+ gene+ expression+ and+ cellular+ response+ as+was+ possible+ until+ 872"
now+(Ingolia,+2014).+The+analysis+of+gene+expression+can+also+lead+to+the+identification+of+ 873"
the+regulators+that+mediate+the+response+and/or+lead+to+information+on+upstream+signalA 874"
ing+ pathways.+ The+mTOR+kinase+ pathway+ (promoting+ cell+ growth+ and+proliferation)+ is+ 875"
deregulated+in+many+diseases,+including+cancer.+Recent+work+using+RIBOAseq+in+order+to+ 876"
study+ the+ translational+ regulation+ of+ specific+ mRNAs+ mediated+ by+ mTOR+ revealed+ a+ 877"
surprisingly+simple+mode+of+action.+The+subset+of+mRNAs+that+are+regulated+all+share+a+ 878"
common+5'+terminal+oligopyrimidine+(TOP)+motif+or+previously+unrecognized+or+related+ 879"
TOP+motifs+(Hsieh+et+al.,+2012;+Thoreen+et+al.,+2012).+These+studies+prove+the+importance+ 880"
of+RIBOAseq+for+researchers+studying+cellular+signaling+pathways+in+human+diseases.++ 881"
It+is+already+known+for+some+time+that+microRNAs+(miRNAs)+can+influence+gene+expresA 882"
sion+through+up+and+down+regulation+of+translation+(Fabian+et+al.,+2010;+Vasudevan+et+al.,+ 883"
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2007).+ However,+ the+ role+ and+ potential+mechanisms+ of+miRNAAmediated+ translational+ 884"
control+ remain+ obscure.+ Recent+ studies+ using+ RIBOAseq+ in+ combination+ with+ RNAAseq+ 885"
provided+ interesting+ insights+ into+this+process.+By+ looking+at+ ribosome+occupancy,+Guo+ 886"
et. al.+ concluded+ that+ targeted+mRNAs+ are+ predominantly+ repressed+ by+mRNA+ decay,+ 887"
while+inhibition+of+translation+initiation+was+only+a+minor+contributor+ (Guo+et+al.,+2010).+ 888"
However,+they+assessed+translation+and+mRNA+levels+after+12A48h,+possible+only+observA 889"
ing+the+downstream+effects+of+the+miRNA+function+(Janas+and+Novina,+2012).+Bazzini+et. 890"
al.. studied+ the+ gene+ expression+ response+ of+ miRA430+ miRNA+ targets+ at+ earlier+ time+ 891"
points+ in+Zebrafish.+They+ first+noticed+ lowered+ ribosome+density+along+miRA430+ target+ 892"
mRNAs,+without+a+corresponding+decrease+ in+mRNA+abundance,+hinting+at+ translation+ 893"
initiation+ inhibition.+ Later+ on,+ levels+ of+ translation+ for+ most+ of+ the+ translationally+ reA 894"
pressed+ mRNAs+ reduced,+ indicating+ mRNA+ decay+ followed+ translational+ repression+ 895"
(Bazzini+ et+ al.,+ 2012).+ Research+ in+C.. elegans+ on+ different+ genes+ that+ are+ the+ target+ of+ 896"
miRNA+action+suggest+that+miRNAs+interfere+with+gene+expression+by+translation+initiaA 897"
tion+inhibition,+mRNA+destabilization+and+probably+other+mechanisms+influencing+elonA 898"
gation+ (Stadler+ et+ al.,+ 2012).+ These+ integrated+ approaches+ provide+ interesting+ insights+ 899"
into+the+mechanisms+of+miRNA+action+and+further+demonstrate+their+power+and+usefulA 900"
ness+in+order+to+study+the+transcriptional+and+translational+controls+of+gene+expression.++ 901"
2.4.3! Annotation!of!translated!sequences! 902"
The+ use+ of+ antibiotics+ such+ as+ harringtonine+ and+ lactimidomycin+ to+ stall+ ribosomes+ at+ 903"
translation+ initiation+ sites+ (TIS)+ is+ most+ useful+ when+ applying+ RIBOAseq+ to+ delineate+ 904"
translation+coding+sequences.+By+combining+the+information+of+initiating+and+elongating+ 905"
ribosomes,+open+reading+frames+(ORFs)+can+be+predicted+based+on+ribosome+occupancy+ 906"
(See+Figure+2.5).+ 907"
908"
Figure'2.5:'Combining.RIBO&seq.data.of.initiating.and.elongating.ribosomes.for.the.anno& 909"
tation. of. translated. sequences.. Patterns. of. initiation. and. translation. on. the.Nanog. tran& 910"
script..Several.uORFs.with.(near&).cognate.TIS,.along.with.the.annotated.coding.sequence. 911"
(CDS).and.2.truncated.CDSes.are.observable..Source:.(Ingolia+et+al.,+2011).. 912"
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The+first+ribosome+profiling+study+in+yeast+revealed+extensive+translation+in+the+5'+leader+ 913"
sequence+of+mRNAs+(Ingolia+et+al.,+2009),+a+discovery+that+was+confirmed+by+many+other+ 914"
RIBOAseq+experiments+on+eukaryotes+(Brar+et+al.,+2012;+Fritsch+et+al.,+2012;+GerashchenA 915"
ko+ et+ al.,+ 2012;+ Ingolia+ et+ al.,+ 2011;+Koch+ et+ al.,+ 2014;+ Lee+ et+ al.,+ 2012).+ These+ findings+ 916"
point+ to+ the+ existence+ of+ many+ translated+ upstream+ ORFs,+ often+ starting+ from+ nearA 917"
cognate+(nonAAUG)+TIS+(See+Figure+2.5).++ 918"
E.. coli+ is+ one+ of+ the+most+ studied+ species+ with+ a+ very+ intensively+ annotated+ genome.+ 919"
However,+ the+ first+RIBOAseq+analysis+of+ this+bacterial+ species+ revealed+the+existence+of+ 920"
several+ new+ and+ previously+ unannotated+ protein+ coding+ genes+ (Oh+ et+ al.,+ 2011).+ The+ 921"
strength+of+RIBOAseq+for+the+annotation+of+new+translation+products+was+further+exemA 922"
plified+in+a+study+on+human+cytomegalovirus+(HCMV)+(SternAGinossar+et+al.,+2012).+HunA 923"
dreds+of,+often+very+short,+unknown+ORFs+could+be+identified,+revealing+an+unanticipated+ 924"
complexity+to+the+HCMV+coding+capacity.++ 925"
RIBOAseq+ experiments+ in+ eukaryotes+ have+ also+ identified+ thousands+ of+ unannotated+ 926"
translation+products,+including+aminoA+and+CAterminal+extensions+or+truncations,+protein+ 927"
products+resulting+from+alternative+splicing,+or+ribosomal+read+through+amongst+others+ 928"
(Dunn+et+al.,+2013;+Ingolia+et+al.,+2011;+Lee+et+al.,+2012).+However,+MS+assisted+validation+ 929"
is+in+many+cases+still+ indispensable+(SternAGinossar+et+al.,+2012).+We+developed+a+methA 930"
od,+ termed+ PROTEOFORMER,+ which+ performs+ the+ complete+ processing+ of+ RIBOAseq+ 931"
data+into+a+protein+synthesisAbased+sequence+database+for+MS+matching+(See+chapter+5).+ 932"
Studies+using+this+approach+ increase+the+overall+protein+ identification+rates+and+enable+ 933"
proteomeAwide+ identification+and+validation+of+new+protein+products:+5'Aextended+proA 934"
teoforms,+ uORF+ translation+ products,+ protein+ isoforms+ through+ alternative+ splicing+ or+ 935"
alternative+(nearA)+cognate+TIS+and+single+nucleotide+polymorphism+variant+(Koch+et+al.,+ 936"
2014;+Menschaert+et+al.,+2013;+Van+Damme+et+al.,+2014).++ 937"
The+use+of+RIBOAseq+in+order+to+identify+new+putatively+coding+sORF+sequences,+possibly+ 938"
encoding+micropeptides,+will+be+covered+in+greater+detail+in+chapters+3,4+and+6.++ 939"
+ 940"
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 Micropeptides!3" 941"
" 942"
 Introduction$3.1" 943"
It+ is+a+wellAknown+fact+that+small+peptides+play+important+roles+in+all+kinds+of+biological+ 944"
processes+ (Fricker,+2005).+The+ largest+and+most+extensively+ studied+class+of+ small+pepA 945"
tides+comprises+classical+bioactive+peptides.+These+are+enzymatically+cleaved+from+longA 946"
er+ protein+ precursors+ containing+ an+ NAterminal+ signal+ sequence,+ hence+ directing+ the+ 947"
translation+product+towards+the+secretory+pathway+(see+Figure+3.1).+Once+released+from+ 948"
the+ secretory+ vesicles,+ most+ of+ these+ peptides+ act+ as+ ligands+ of+ membrane+ receptors+ 949"
(mostly+G+ proteinAcoupled+ receptors)+ and+ exert+ their+ extraAcellular+ biological+ signaling+ 950"
function+in+a+autocrine,+paracrine+or+endocrine+way+(Boonen+et+al.,+2009).+Examples+are+ 951"
neuropeptides,+peptide+hormones+and+growth+factors+(Baggerman+et+al.,+2005;+Fricker,+ 952"
2010;+Hummon+et+al.,+2006;+Nassel+and+Winther,+2010).+Other+secreted+peptides+exercise+ 953"
their+function+in+host+defense+systems+having+antimicrobial+or+toxic+properties+or+show+ 954"
antihypertensive,+ antithrombotic+ or+ antioxidative+ activity+ (Kim+ and+Wijesekara,+ 2010;+ 955"
Sarmadi+and+Ismail,+2010).++ 956"
Recently,+other+(nonAclassical)+peptides+A+encoded+by+small+open+reading+frames+(sORFs)+ 957"
–+have+been+discovered,+presumably+defining+a+new+eukaryotic+gene+ family+ (Casson+et+ 958"
al.,+2002;+Frank+and+Smith,+2002;+Galindo+et+al.,+2007;+Kondo+et+al.,+2007;+Magny+et+al.,+ 959"
2013;+Narita+ et+ al.,+ 2004;+Rohrig+ et+ al.,+ 2002;+ Savard+ et+ al.,+ 2006).+ These+ soAcalled+miA 960"
cropeptides+are+translated+from+sORFs+shorter+than+100+AAs+(Galindo+et+al.,+2007;+HashA 961"
imoto+et+al.,+2008).+Sometimes+these+are+also+referred+to+as+polycistronic+peptides+in+the+ 962"
case+were+they+are+translated+from+a+polycistronic+mRNA+(Kondo+et+al.,+2007)+or+as+short+ 963"
open+reading+frame+(sORF)Aencoded+polypeptides+(SEPs)+(Ma+et+al.,+2014;+Slavoff+et+al.,+ 964"
2013;+2014).+In+contrast+to+other+bioactive+peptides,+micropeptides+are+not+cleaved+from+ 965"
a+larger+precursor+protein+and+lack+an+NAterminal+signaling+sequence.+As+such+they+are+in+ 966"
principle+released+in+the+cytoplasm+immediately+after+translation+(see+Figure+3.1).+ 967"
In+ the+ past,+ many+ molecules+ have+ been+ overlooked+ because+ of+ various+ biases+ and/or+ 968"
simplifications+introduced+in+the+performed+discovery+strategy.+For+example,+it+was+only+ 969"
in+1993+that+the+first+microRNA+(lin&4)+was+discovered+in+C..elegans.(Lee+et+al.,+1993).+In+ 970"
the+2+subsequent+decades+more+than+2+500+microRNAs+were+identified+in+human+alone+ 971"
(Kozomara+and+GriffithsAJones,+2011).+Since+micropeptides+came+into+the+limelight,+ever+ 972"
more+research+ is+conducted+to+this+new+type+of+biomolecules,+providing+ increasing+eviA 973"
dence+ that+ this+ type+ of+ biomolecules+ is+ possibly+ also+ long+ overlooked+ (Andrews+ and+ 974"
Rothnagel,+2014;+Hashimoto+et+al.,+2008).+ 975"
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Figure'3.1.Localization.of.classical.bioactive.peptides.and.micropeptides..Classical.bioactive. 977"
peptides.contain.an.N&terminal. signal. sequence.directing. the. translation.product. towards. 978"
the.secretory.pathway..As.a.consequence,.these.biologically.active.peptides.exert.an.extra& 979"
cellular.function..In.contrast,.micropeptides.lack.an.N&terminal.signaling.sequence,.and.are. 980"
consequently.released.in.the.cytoplasm.immediately.after.translation...+ 981"
It+ was+ assumed,+ especially+ for+ comprehensive+ cDNA+ annotation+ studies,+ that+ proteinA 982"
coding+genes+do+not+code+for+translation+products+shorter+than+100+AAs+(Carninci+et+al.,+ 983"
2005).+ This+ arbitrarily+ chosen+minimum+ length+ reduces+ the+ likelihood+ of+ falseApositive+ 984"
detection+ by+ geneAprediction+ software+ and+ genome+ annotation+ algorithms,+ but+ at+ the+ 985"
same+time+vastly+underestimates+the+true+number+of+(atypical)+small+proteins+(Dinger+et+ 986"
al.,+2008;+Frith+et+al.,+2006a).+This+generalization+is+also+noticeable+in+(manually+curated)+ 987"
protein+databases+such+as+SwissAProtAKB,+where+at+the+time+of+writing+only+680+(3.4%)+ 988"
out+of+a+total+of+20+271+reviewed+human+proteins+have+a+length+shorter+than+100+AAs.++ 989"
Although+micropeptide+research+is+not+yet+widespread+and+much+remains+to+be+learned+ 990"
about+their+abundance,+functional+activity+and+localization,+a+handful+of+these+peptides+ 991"
have+ recently+ been+ functionally+ annotated+ in+ different+ eukaryotic+ organisms+ (see+ next+ 992"
paragraph+ for+ an+ extensive+ overview+ or+ Table+ 3.1+ for+ a+ brief+ summary).+ Though+ imA 993"
portant+to+an+argument+of+the+general+conservation+and+function+across+all+kingdoms+of+ 994"
life,+ sORFs+ in+ bacteria+ and+ viruses+ (Boekhorst+ et+ al.,+ 2011;+ Hemm+ et+ al.,+ 2010;+ 2008;+ 995"
Hobbs+et+al.,+2011;+SternAGinossar+et+al.,+2012),+will+not+be+covered+in+this+introduction.+ 996"
The+ aboveAmentioned+ references+ can+ serve+ as+ a+ brief+ overview+ of+ putatively+ coding+ 997"
sORF+(pcsORF)+detection+in+lower+organisms.  998"
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 Overview$of$functionally$annotated$micropeptides$3.2" 1000"
3.2.1! Plant!kingdom! 1001"
The+ first+ eukaryotic+micropeptide+was+ only+ described+ in+ 1996.+While+ investigating+ the+ 1002"
function+of+early.nodulin.40.(Enod40),+formerly+annotated+as+a+ncRNA+gene+in+legumes,+ 1003"
van+de+Sande+et.al.+transformed+tobacco+plants+with+a+soybean+GmENOD40A2+construct+ 1004"
(vandeSande+et+al.,+1996),+proving+that+this+construct+was+active+in+the+nonAlegume+toA 1005"
bacco,+modulating+the+action+of+auxin.+Sequence+comparison+of+the+tobacco+and+legume+ 1006"
Enod40+ clones+ revealed+a+highly+ conserved+ sORF+coding+ for+ a+ 10+ (tobacco)+or+ 12+ (soyA 1007"
bean)+AAs+long+peptide+(vandeSande+et+al.,+1996).+Later+on,+a+second+overlapping+coding+ 1008"
sORF+of+24+AA+was+identified+in+soybean,+categorizing+Enod40+as+a+polycistronic+mRNA.++ 1009"
Enod40+ is+ a+wellAknown+ factor+ that+ functions+ in+ root+nodule+organogenesis+ in+ legumes+ 1010"
and+ also+ displays+ a+ high+ sequence+ conservation+ among+ other+ plant+ species+ including+ 1011"
monocots,+suggesting+a+more+general+biological+ function+ (Rohrig+et+al.,+2002).+ In+addiA 1012"
tion,+Enod40+shows+a+highly+conserved+secondary+topology,+giving+it+the+characteristics+ 1013"
of+ a+ structural+ RNA+ (Gultyaev+ and+ Roussis,+ 2007).+ The+ presence+ of+ peptide+ encoding+ 1014"
sORFs+and+of+structured+RNA,+both+playing+a+role+in+developmental+processes,+indicates+ 1015"
that+ Enod40+ acts+ as+ a+ biAfunctional+ or+ dual+ RNA+ (Bardou+ et+ al.,+ 2011;+ Ulveling+ et+ al.,+ 1016"
2011).++ 1017"
Since+ the+ discovery+ of+ this+ first+micropeptide+ in+ plants,+ others+ have+ been+ functionally+ 1018"
annotated.+In+Arabidopsis,+the+POLARIS.(PLS)+gene,+identified+as+a+promoter+trap+transA 1019"
genic+line+predominantly+showing+expression+in+the+embryonic+basal+region,+affects+root+ 1020"
growth+ and+ vascular+ development+ (Casson+ et+ al.,+ 2002).+Mutation+ analysis+ has+ shown+ 1021"
that+the+36+AAs+peptide+encoded+by+PLS+interacts+with+PIN+proteins,+forming+a+network+ 1022"
that+ plays+ an+ important+ role+ in+ the+ hormonal+ crosstalk+ between+ auxin,+ ethylene+ and+ 1023"
cytokinin+(Chilley+et+al.,+2006;+Liu+et+al.,+2013b).++ 1024"
In+maize,+the+recessive+mutation+of+Brick1+(Brk1)+ leads+to+several+morphological+defects+ 1025"
of+leaf+epithelia+(Frank+and+Smith,+2002).+The+gene+is+highly+conserved+in+plants+as+well+ 1026"
as+in+animals+and+encodes+a+76+AA+peptide+that+lacks+any+targeting+sequence.+Research+ 1027"
in+Arabidopsis+has+shown+that+Brk1+ is+a+critical+WAVEAcomplex+subunit+ functioning+ in+a+ 1028"
pathway+with+the+ARP2/3+complex+(Djakovic+et+al.,+2006;+Le+et+al.,+2006).++ 1029"
ROTUNDIFOLIA. (ROT4)+was+ identified+as+an+overexpressed+novel+ single+exon+gene+enA 1030"
coding+a+small+53+AAs+peptide+in+an+Arabidopsis+mutant+with+short+leafs+and+floral+organs+ 1031"
(Ikeuchi+et+al.,+2011).+Phylogenetic+analysis+in+Arabidopsis+ indicates+that+ROT4.defines+a+ 1032"
novel+ seedAplant+ specific+ small+ peptide+ gene+ family,+ comprising+ 22+ ROT. FOUR. LIKE. 1033"
(RTFL)+genes,+sharing+a+conserved+29+AAs+region+(Narita+et+al.,+2004).++ 1034"
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More+ recently,+ two+ novel+ maize+ sORF+ genes,+ Zm401p10+ and+ Zm908p11+ respectively+ 1035"
encoding+89+and+97+AA+peptides+were+identified,+playing+a+required+role+in+pollen+develA 1036"
opment+(Dong+et+al.,+2013;+Ma+et+al.,+2008;+Wanga+et+al.,+2009).+ 1037"
3.2.2! Animal!kingdom! 1038"
Micropeptide+ research+ is+ not+ limited+ to+ plants;+ some+ of+ the+ bestAstudied+ sORF+ genes+ 1039"
have+ been+ identified+ in+ the+ animal+ kingdom.+ In. silico+ prediction+ analysis+ of+ cDNAs+ in+ 1040"
Drosophila. melanogaster+ identified+ several+ mRNAAlike+ ncRNA+ candidates+ putatively+ 1041"
encoding+ORFs+(Inagaki+et+al.,+2005;+Tupy+et+al.,+2005).++Extensive+study+on+one+of+these+ 1042"
candidates+by+several+groups+revealed+that+the+evolutionary+conserved+tarsal&less.(tal)+or+ 1043"
polished. rice. (pri)+ in+Drosphila+ and+ the+ orthologous+mille&pattes. (mlpt)+ in+Tribolium+ is+ in+ 1044"
fact+ a+ polycistronic+ gene+ encoding+ small+ peptides+ (Galindo+ et+ al.,+ 2007;+ Kondo+ et+ al.,+ 1045"
2007;+Savard+et+al.,+2006).+The+tal.gene+contains+a+total+of+4+sORFs+encoding+functionally+ 1046"
redundant+peptides+of+length+11+and+32+AAs,+playing+a+role+in+Drosophila.embryogenesis.++ 1047"
The+absence+of+a+ functional+ tal.gene,+either+by+knockout+or+via+mutation,+ leads+ to+ the+ 1048"
absence+of+trichomes+on+the+body+surface,+a+missing+tarsal+region,+ectopic+leg+morphoA 1049"
genesis+and+abnormal+dentical+belt+and+tracheal+formation+(Galindo+et+al.,+2007;+Kondo+ 1050"
et+al.,+2007;+Pueyo+and+Couso,+2008).+On+the+other+hand,+the+overexpression+of+tal+pepA 1051"
tides+negatively+modulates+the+Notch+signaling+pathway+(Pi+et+al.,+2011).+Extensive+moA 1052"
lecular+ analysis+ showed+ that+ tal+ controls+ epidermal+ differentiation+ by+ modifying+ the+ 1053"
transcription+ factor+ Shavenbaby. (Svb). from+ a+ transcriptional+ activator+ to+ a+ repressor,+ 1054"
thus+dominantly+inhibiting+its+downstream+function+in+trichome+formation+(Kondo+et+al.,+ 1055"
2010).++Similarly,+RNAi+depleted+mlpt+embryos+alter+gap+gene+expression,+generally+leadA 1056"
ing+to+shortened+embryos+with+additional+pairs+of+legs,+also+missing+some+posterior+abA 1057"
dominal+segments+(Savard+et+al.,+2006).++ 1058"
Another+member+of+this+set+of+mRNA+like+ncRNAs+(also+comprising+the+tal.gene)+led+to+ 1059"
the+identification+of+two+new+coding+sORFs+(28+and+29+AAs+long)+in+the+putative.noncod& 1060"
ing.RNA.003.gene.(pncr003:2L).(Magny+et+al.,+2013;+Tupy+et+al.,+2005).+Phylogenetic+conA 1061"
servation+analysis+indicated+that+the+pncr003:2L+gene+shares+a+common+sORF+encoding+ 1062"
ancestor+gene+with+ the+human+sarcolipin. (sln)+ and+ its+ longer+paralogue+phospholamban. 1063"
(pln).. In+ order+ to+ reflect+ their+ similarity+ the+ researchers+ suggested+ to+ rename+ the+ 1064"
pncr003:3L.gene+and+its+arthropod+homologs+to+sarcolamban.(scl).+Visualizing+intracelluA 1065"
lar+Ca2++ levels+ in+scl.mutants+and+wildAtype+controls+ identified+a+primary+role+for+scl.enA 1066"
coded+peptides+during+ the+Ca2++ trafficking+at+ the+ sarcoAendoplasmatic+ reticulum+ (SER)+ 1067"
which+is+required+for+heart+muscle+contraction+(Magny+et+al.,+2013).++ 1068"
Recently,+ a+human+sORF+encoding+gene+was+ identified+as+part+of+a+ larger+discovery+of+ 1069"
numerous+sORFAencoded+polypeptides+(SEPs)+(Schwaid+et+al.,+2013;+Slavoff+et+al.,+2013;+ 1070"
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2014)+(See+also+paragraph+3.6).+The+69+AA+long+sORF+gene+MRI&2+ interacts+with+the+Ku+ 1071"
heterodimer+ in+ order+ to+ stimulates+ DNA+ doubleAstrand+ break+ ligation+ via+ nonA 1072"
homologous+endAjoining+(Slavoff+et+al.,+2014).++ 1073"
 1074"
 Micropeptide=specific$characteristics$3.3" 1075"
3.3.1! Function! 1076"
In+contrast+to+classical+bioactive+peptides,+one+of+the+properties+micropeptides+share+ is+ 1077"
the+absence+of+an+NAterminal+signaling+sequence;+as+such+they+are+not+destined+towards+ 1078"
the+secretory+pathway,+but+are+ immediately+ released+ in+ the+cytoplasm+ (see+Figure+3.1)+ 1079"
(Hashimoto+et+al.,+2008).+While+one+would+expect+an+intracellular,+cytoplasmic+function+ 1080"
for+peptides+lacking+such+signal+sequences,+research+indicates+that+this+is+not+always+the+ 1081"
case+and+that+some+of+the+identified+micropeptides+act+nonAcellAautonomously.+ExaminA 1082"
ing+clonal+ sectors+of+brk1.mutant+cells+ in+otherwise+wildAtype+ leaves,+ showed+ that+brk1. 1083"
mutant+cells+in+direct+contact+with+wildAtype+cells+appeared+to+be+wildAtype+with+normal+ 1084"
stomata,+indicating+nonAcellAautonomous+functioning+(Frank+et+al.,+2003).+Tal+is+another+ 1085"
example+of+a+nonAcellAautonomous+ functioning+micropeptide.+After+ introducing+ frameA 1086"
shift+mutations+in+the+4+ORFs+of+a+fullAlength+tal.transcript+and+expressing+tal.in+a+subset+ 1087"
of+epithelial+cells,+denticle+formation+was+completely+rescued+in+talAexpressing+as+well+as+ 1088"
neighboring+cells+(Kondo+et+al.,+2007).++ 1089"
Different+ mechanisms+ of+ such+micropeptideAregulated+morphogenesis+ of+ neighboring+ 1090"
cells+can+be+postulated.+Their+action+can+be+either+directly+as+an+extraAcellular+signaling+ 1091"
molecule,+or+ indirectly+via+a+downstream+target,+or+by+intracellular+regulation+of+one+or+ 1092"
more+intercellular+signaling+pathways+(Ghabrial,+2007;+Hashimoto+et+al.,+2008;+Kondo+et+ 1093"
al.,+2007).+More+speculative,+their+small+molecular+size+makes+them+ideal+candidates+for+ 1094"
cellular+translocation+as+gap+peptides,+to+function+as+membrane+permeable+peptides,+or+ 1095"
to+ leave+ the+ cell+ via+ cellAderived+ (micro)+ vesicles+ such+ as+ exosomes+ (Chua+ et+ al.,+ 2012;+ 1096"
Joliot+ and+ Prochiantz,+ 2004;+ Ludwig+ and+Giebel,+ 2012;+Neijssen+ et+ al.,+ 2005;+ Tour+ and+ 1097"
McGinnis,+2006).+++ 1098"
3.3.2! Conservation! 1099"
Conservation+of+the+coding+sequence+across+very+large+evolutionary+distances+is+another+ 1100"
peculiar+feature+of+micropeptides.+The+recently+identified+sarcolamban+shows+conservaA 1101"
tion+ of+more+ than+ 550+million+ years+ (see+ Figure+ 3.2).+ Analysis+ of+ the+ related+ peptides+ 1102"
indicates+ a+ conserved+ peptide+ sequence+ and+ molecular+ structure+ from+ flies+ to+ verteA 1103"
brates+all+involved+in+the+regulation+of+Ca2++traffic+(Magny+et+al.,+2013).+Tarsal&less+is+anA 1104"
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other+example+of+a+highly+conserved+micropeptide.+Tal.homologs+could+be+identified+in+ 1105"
other+insects+and+even+in+Daphnia.pulex,.a+crustacean+species.+This+gene+family+is+at+least+ 1106"
440+million+years+old+and+shows+a+varying+number+of+sORFs+with+an+evolutionary+trend+ 1107"
towards+accumulation+of+more+ORFs+(Galindo+et+al.,+2007).++ 1108"
A+ systematic+ search+ for+ new+ genes+ in+ Saccharomyces. cerevisiae. (Kastenmayer+ et+ al.,+ 1109"
2006)+ (see+ also+ next+ paragraph). led+ to+ the+ identification+ of,+ among+ others,+ smORF2.. 1110"
Functional+ homologs+ for+ this+ gene+ with+ a+ temperatureAsensitive+ phenotype+ could+ be+ 1111"
identified+ in+ many+ organisms+ from+ yeast+ to+ human+ (Kessler+ et+ al.,+ 2003).+ To+ our+ 1112"
knowledge,+Brk1+ is+ however+ by+ far+ the+most+ conserved+ sORF+ encoding+ gene.+Next+ to+ 1113"
being+ highly+ conserved+ throughout+ the+ plant+ kingdom,+ homologs+ for+ the+ maize+ brk1. 1114"
gene+ have+ been+ identified+ in+ almost+ all+ studied+ animal+ eukaryotic+ genomes,+ including+ 1115"
human,+where+HSPC300.(mammalian+homolog+of+brk1)+also+functions+in+the+Scar/WAVE+ 1116"
complex+(Djakovic+et+al.,+2006;+Frank+and+Smith,+2002).++ 1117"
Figure'3.2'Analysis'of'Drosophila'Sarcolamban'homology'Phylogenetic.tree.and.multiple. 1118"
protein.sequence.alignment.of.vertebrate.and.arthropod.Sarcolamban.(Scl),.Sarcolipin.(Sln). 1119"
and. Phospholamban. (Pln). peptides,. constructed. with. Clustal. Omega. and. ClustalW2& 1120"
Phylogeny.(Goujon+et+al.,+2010;+Larkin+et+al.,+2007;+Sievers+et+al.,+2011).. 1121"
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It+remains+to+be+confirmed+that+conservation+is+a+typical+characteristic+of+sORFAencoding+ 1122"
genes.+Most+discovered+micropeptide+genes+result+from+large+genetic+or+computational+ 1123"
screenings,+ focusing+ on+ phylogenetic+ conservation+ as+ a+ proxy+ to+ functionality,+ in+ this+ 1124"
way+ choosing+ interesting+ targets+ for+ further+ (elaborate)+ downstream+ in. vivo+ research.+ 1125"
This+might+introduce+a+bias+towards+discovery+of+highly+conserved+sORFs.+On+the+other+ 1126"
hand,+ a+ highly+ conserved+ state+ can+ also+ point+ to+ the+ role+most+ of+ these+ genes+ play+ in+ 1127"
(embryonic)+development,+morphogenesis+and+other+very+basic+and+important+biological+ 1128"
processes.+As+such,+ the+high+sequence+and+ functional+conservation+of+ this+new+type+of+ 1129"
eukaryotic+ gene+ products,+ might+ explain+ many+ basic+ but+ very+ important+ functions+ 1130"
shared+by+a+plethora+of+species+over+different+kingdoms.+ 1131"
 1132"
 Systematic$searches$for$putatively$coding$sORFs$3.4" 1133"
and$micropeptides$ 1134"
3.4.1! A!first!search!in!Yeast! 1135"
sORF+ encoding+ genes+ have,+ in+ our+ opinion,+ long+ been+ overlooked.+ However,+ the+ past+ 1136"
decade+ has+ seen+ some+ important+ advances+ in+ the+ (genomeAwide)+ identification+ of+ 1137"
pcsORFs.+To+ identify+ those+new+and+ interesting+candidates+ in+ the+vast+amount+of+ ranA 1138"
dom+sORFs+ scattered+al+over+ the+genome,+ in. silico.strategies+ (often+making+use+of+exA 1139"
pression+data)+have+been+devised.++ 1140"
Saccharomyces. cerevisiae+ was+ the+ first+ eukaryotic+ species+ to+ be+ the+ subject+ of+ such+ a+ 1141"
systematic+and+elaborate+scan.+Many+yeast+sORFs+were+identified+based+on+comprehenA 1142"
sive+ sequence+ database+ searching.+ Homology,+ comparative+ genomics+ and+ expression+ 1143"
features+from+serial+analysis+of+gene+expression+(SAGE),+Northern+blotting,+RTAPCR+and+ 1144"
ORF+ tagging+ experiments+were+ taken+ into+ account+ (Basrai+ et+ al.,+ 1997;+ Blandin+ et+ al.,+ 1145"
2000;+ Brachat+ et+ al.,+ 2003;+ Cliften+ et+ al.,+ 2003;+ Kellis+ et+ al.,+ 2003;+ Kessler+ et+ al.,+ 2003;+ 1146"
Olivas+et+al.,+1997;+Velculescu+et+al.,+1995).++ 1147"
Later,+Kastenmayer+et.al.+concluded+that,+based+on+the+aboveAmentioned+independent+ 1148"
experimental+approaches+and+computational+analyses,+at+least+299+pcsORFs+are+present+ 1149"
in+the+S..cerevisiae.genome,+many+of+which+have+potential+orthologs+in+other+eukaryotic+ 1150"
species.+ This+ represents+ a+ significant+ percentage+ (~5%)+ of+ the+ amount+ of+ annotated+ 1151"
genes+ in+S.. cerevisiae..Of+ these+ identified+ pcsORFs,+ four+were+ confirmed+ to+ produce+ a+ 1152"
translation+product+and+22+seem+to+regulate+growth.(Kastenmayer+et+al.,+2006).++ 1153"
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3.4.2! Plant!kingdom! 1154"
Arabidopsis.was+ the+ first+ plant+ species+ undergoing+ a+ thorough+ in. silico. analysis+ in+ the+ 1155"
search+of+new+sORF+encoding+genes.+Because+common+geneAfinding+algorithms+have+a+ 1156"
hard+ time+ identifying+ small+ protein+ products+ and+ are+ prone+ to+ a+ high+ number+ of+ false+ 1157"
negatives+(as+already+mentioned+in+the+introduction)+Hanada+et.al.,+developed+the+CodA 1158"
ing+Index+(CI)+measure+for+pcsORF+prediction+based+on+the+hexamer+composition+bias,+a+ 1159"
general+measure+to+distinguish+CDS+from+nonACDS+(Fickett+and+Tung,+1992;+Hanada+et+ 1160"
al.,+2007).+This+CI+measure+would+later+form+the+basis+for+a+specific+program+package+to+ 1161"
identify+sORFs,+named+sORFfinder+(Hanada+et+al.,+2010).++ 1162"
After+performing+a+six+reading+frame+translation+of+intergenic+sequences+of+A..thaliana,+ 1163"
pcsORFs+ were+ only+ assigned+ as+ being+ coding+ when+ they+ demonstrated+ qualifying+ CI+ 1164"
values,+ above+ background+ tiling+ array+ hybridization+ intensities,+ evidence+ of+ purifying+ 1165"
selection+based+on+Ka/Ks+ ratios+ (the+number+of+ nonsynonymous+ substitutions+per+nonA 1166"
synonymous+site+(Ka)+to+the+number+of+synonymous+substitutions+per+synonymous+site+ 1167"
(Ks))+and+overlapping+ESTs.+Using+these+criteria,+7+159+pcsORFs+with+high+coding+potenA 1168"
tial,+of+which+2+376+are+subject+to+purifying+selection,+were+identified+in+Arabidopsis.thali& 1169"
ana.(Hanada+et+al.,+2007;+2010)...In+a+recently+published+followAup+study,+elaborating+on+ 1170"
the+ function+ of+ these+ new+pcsORFs,+ an+ array+was+ designed+ to+ generate+ an+ expression+ 1171"
atlas+at+several+developmental+stages+and+under+multiple+environmental+conditions+for+ 1172"
the+7+901+identified+pcsORFs+(Hanada+et+al.,+2013).+473+pcsORFs+showed+a+high+number+ 1173"
of+homologs+in+other+plant+species+and+were+overexpressed.+49+of+those+expressed+and+ 1174"
significantly+ conserved+ pcsORFs+ induced+ various+ morphological+ changes+ and+ visible+ 1175"
phenotypic+effects+(Hanada+et+al.,+2013).++ 1176"
Arabidopsis+ is+not+the+only+plant+species+subject+to+an+ integrative+procedure+to+ identify+ 1177"
pcsORFs+at+the+genome+level.+After+obtaining+~2.6+million+expressed+sequence+tag+(EST)+ 1178"
reads+ from+a+Populus.deltoides+ leaf+ transcriptome,+ fullAlength+ transcripts+ from+the+EST+ 1179"
sequences+ could+ be+ reconstructed.+ Using+ a+ computational+ approach+ based+ on+ coding+ 1180"
potential,+ evolutionary+ conservation+ and+ gene+ family+ clustering,+ and+ by+ showing+ eviA 1181"
dence+ of+ protein+ domains,+ ncRNA+ motifs,+ sequence+ length+ distribution+ or+ massA 1182"
spectrometry+data,+at+ least+56+pcsORF+encoding+genes+(<+200+AAs)+new+to+the+Populus+ 1183"
genome+annotation+could+be+identified+(Yang+et+al.,+2011).++ 1184"
Recently,+ work+ was+ published+ exploiting+ publicly+ available+ genome+ sequences+ of+ 1185"
Phaseolus.vulgaris,.Medicago. tuncatula,.Gycine.max.and+Lotus. japonicus. in+a+ search+ for+ 1186"
pcsORFs+ (30A150+ AAs)+ (Guillen+ et+ al.,+ 2013).+ A+ bioinformatics+ analysis+ was+ performed+ 1187"
based+on+evidence+of+expression+(transcription+level),+presence+of+known+protein+regions+ 1188"
or+ domains+ (translation+ level)+ and+ identification+ of+ orthologues+ genes+ in+ the+ explored+ 1189"
genomes.+Respectively+6+170,+10+461,+30+521+and+23+599+pcsORFs+were+uncovered+within+ 1190"
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the+P.vulgaris,. G.max,.M.. truncatula. and+L.. japonicus.genomes..Based+ on+ specific+ EST+ 1191"
expression+ analysis+ in+P.. vulgaris,+ 2+ 336+of+ the+ identified+pcsORFs+ showed+evidence+of+ 1192"
gene+expression.++ 1193"
3.4.3! Animal!kingdom! 1194"
In+ the+ animal+ kingdom,+ the+ first+ in. silico. and+ systematic. search+ for+ new+ pcsORFs+was+ 1195"
carried+ out+ for+ the+model+ organism+Drosophila.melanogaster. (Ladoukakis+ et+ al.,+ 2011).. 1196"
Starting+ from+ putatively+ nonAcoding+ euchromatic+ DNA,+ an+ initial+ set+ of+ 593+ 586+ open+ 1197"
reading+ frames+ between+ 30+ and+ 300+ basepairs+ (bps)+ long+ could+ be+ identified.+ Using+ 1198"
tBlastn,+all+pcsORFs+showing+significant+similarity+with+annotated+coding+sequences+or+ 1199"
transposons+were+ removed,+ at+ the+ same+ time+only+ retaining+ pcsORFs+ showing+ signifiA 1200"
cant+ amino+ acid+ sequence+ similarity+ with+ Drosophila. pseudoobscura.+ After+ realigning+ 1201"
extended+versions+of+the+conserved+pcsORFs+with+ClustalW,+an+upper+estimate+of+4+561+ 1202"
pcsORFs+ were+ identified+ in+ Drosophila.. 72%+ of+ the+ in+ D.. pseudoobscura. conserved+ 1203"
pcsORFs+appeared+to+be+true+homologs+as+they+were+conserved+in+syntenic+regions+with+ 1204"
regard+ to+ the+ original+ D.. melanogaster. pcsORF.+ Only+ taking+ into+ account+ syntenic+ 1205"
pcsORFs+with+favorable+Ka/Ks+values+(having+a+ratio+below+0.1),+and+with+transcriptional+ 1206"
evidence+ (based+ on+ combining+ both+ publicly+ available+ RNAAseq+ and+ tiling+ array+ data),+ 1207"
the+authors+postulate+that+at+least+401+functional+sORFs+exist+in+the+Drosophila.melano& 1208"
gaster+genome.(Ladoukakis+et+al.,+2011).. 1209"
We. combined+ an+ in. silico.approach+ and+ experimental+ evidence+ by+means+ of+ ribosome+ 1210"
profiling+data+(See+Chapter+4)+for+a+genomeAwide+search+to+detect+novel+pcsORFs+in+the+ 1211"
Mus.musculus+genome+ (Crappe+et+al.,+2013).+First,+ the+genome+was+scanned+ for+ sORFs+ 1212"
with+ high+ coding+ potential+ using+ the+ sORFfinder+ package.+ Secondly,+ a+ comprehensive+ 1213"
feature+ matrix+ with+ peptide+ conservation+ measures,+ based+ on+ UCSC+multiple+ species+ 1214"
alignments,+was+ constructed.+ In+ a+ third+ step,+ the+ coding+ capabilities+ of+ these+pcsORFs+ 1215"
were+assessed+by+means+of+a+machineAlearning+algorithm.+Afterwards,+the+sORFs+with+a+ 1216"
high+ coding+ score+ were+ verified+ for+ the+ presence+ of+ experimental+ ribosome+ profiling+ 1217"
signals+obtained+ from+mouse+Embryonic+Stem+Cells+ (mESCs),+hinting+ to+ sORF+ translaA 1218"
tion.+Using+this+combined+genomeAwide+approach+dozens+of+both+highly+conserved+and+ 1219"
ribosomeAtargeted+pcsORFs+(possibly+encoding+micropeptides)+were+identified+(Crappe+ 1220"
et+al.,+2013).++ 1221"
 1222"
 Ribosome$profiling$3.5" 1223"
Ribosome+profiling+ is+a+ recently+described+strategy+ to+monitor+protein+synthesis+based+ 1224"
on+deep+sequencing+of+ribosome+protected+mRNA+fragments.+By+exploiting+the+properA 1225"
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ties+of+antibiotics+as+harringtonine+or+ lactimidomycin,+ stalling+ ribosomes+at+ translation+ 1226"
initiation+sites+(TIS),+the+study+of+(alternative)+(a)TIS+with+subcodon+to+singleAnucleotide+ 1227"
resolution+ is+ now+ possible.+ See+ Chapter+ 2+ for+ an+ extended+ introduction+ into+ ribosome+ 1228"
profiling.+ 1229"
3.5.1! Small!open!reading!frames!in!lncRNAs! 1230"
In+an+attempt+to+provide+a+genomeAwide+map+of+protein+synthesis,+Ingolia+et.al..exploitA 1231"
ed+a+machine+learning+algorithm+on+top+of+their+ribosome+profiling+data+to+systematicalA 1232"
ly+delineate+protein+products+in+mESCs+(Ingolia+et+al.,+2011).+Special+attention+was+paid+ 1233"
to+a+recently+identified+and+apparently+abundant+class+of+RNAs,+referred+to+as+long+nonA 1234"
coding+RNAs+(lncRNAs).+These+lncRNAs+were+scanned+for+translated+regions,+by+defining+ 1235"
the+most+highly+ribosomeAoccupied+90+nucleotide+window+(Guttman+et+al.,+2009;+2010).+ 1236"
In+this+way,+Ingolia+et.al..were+able+to+identify+many+lncRNA+regions+displaying+high+riboA 1237"
somal+occupancy+and+containing+ small+open+ reading+ frames,+ classifying+ them+as+ short+ 1238"
polycistronic+ribosomeAassociated+coding+RNAs+(sprcRNAs)+(Ingolia+et+al.,+2011).++ 1239"
Motivated+by+these+findings+Lee+et.al.,+performed+a+global+translation+initiation+analysis+ 1240"
using+ribosome+profiling+(GTIAseq)+in+HEK293+cells+and+also+specifically+characterized+the+ 1241"
translation+of+ncRNAs.+They+were+able+to+identify+228+ncRNAs+associated+with+GTIAseq+ 1242"
sequencing+reads,+often+overspanning+evolutionary+conserved+sORFs+(median+length+of+ 1243"
54+nt)+and+frequently+showing+alternative+initiation+at+nonAAUG+start+codons+(Lee+et+al.,+ 1244"
2012).++ 1245"
Our+ own+ research+ on+ mESC+ ribosome+ profiling+ data+ strengthens+ the+ idea+ that+ some+ 1246"
lncRNAs+ actually+ contain+ putatively+ coding+ sORFs.+ While+ investigating+ sORFs+ within+ 1247"
annotated+ lncRNA+ regions,+we+were+ also+ able+ to+ detect+ very+wellAconserved+ and+ riboA 1248"
some+targeted+pcsORFs+(Crappe+et+al.,+2013)+(See+Chapter+4).++ 1249"
The+question+if+and+more+specifically+to+what+extent+lncRNAs+act+through+their+translaA 1250"
tional+ sORF+products+ remains+open+ for+debate+and+ is+ one+ that+will+ not+ find+an+answer+ 1251"
based+on+ribosome+profiling+data+alone.+For+example,+the+mouse+H19+lncRNA+transcript+ 1252"
functions+ as+ a+ true+ ncRNA+ (Brannan+ et+ al.,+ 1990;+ Cai+ and+ Cullen,+ 2007),+ even+ though+ 1253"
demonstrating+ribosome+occupancy+(Ingolia+et+al.,+2011;+Li+et+al.,+1998).+This+proves+that+ 1254"
ribosome+profiling+on+ its+own+does+not+suffice+to+evidence+protein+synthesis+nor+that+ it+ 1255"
can+be+proposed+as+a+foolAproof+method+to+distinguish+between+coding+and+nonAcoding+ 1256"
transcripts+(Guttman+and+Rinn,+2012;+Volders+et+al.,+2013).+In+addition,+one+has+to+keep+in+ 1257"
mind+ that+ spurious+ association+ of+ ribosomes+ could+ lead+ to+ translational+ noise+ (Struhl,+ 1258"
2007).+The+ fact+ that+most+of+ the+predicted+ lncRNA+ transcripts+ that+ encode+ sORFs+ lack+ 1259"
any+significant+conservation+and+ that+ lncRNAs+are+ rarely+ translated+ in+human+cell+ lines+ 1260"
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seems+ consistent+ with+ these+ observations+ (Banfai+ et+ al.,+ 2012;+ Derrien+ et+ al.,+ 2012;+ 1261"
Guttman+et+al.,+2009;+2010).++ 1262"
In+ a+ follow+ up+ study+ Guttman+ et. al.. developed+ a+ metric,+ the+ ribosome+ release+ score+ 1263"
(RRS),+enabling+reliable+ identification+of+ functional+proteinAcoding+transcripts+based+on+ 1264"
the+release+of+the+ribosome+complex+and+thus+translation+termination+at+the+end+of+the+ 1265"
ORF+(Guttman+et+al.,+2013;+Jackson+et+al.,+2010).+With+this+metric+it+is+possible+to+discrimA 1266"
inate+ between+ proteinAcoding+ transcripts+ and+ other+ classes+ of+ nonAcoding+ transcripts,+ 1267"
including+lncRNAs.+Because+the+class+of+lncRNAs+closely+resembled+the+ribosome+occuA 1268"
pancy+ of+ other+ classes+ of+ nonAcoding+ transcripts+ with+ respect+ to+ this+ metric,+ it+ was+ 1269"
deemed+unlikely+that+ lncRNAs,+as+a+class,+produce+functional+products+(Guttman+et+al.,+ 1270"
2013).++ 1271"
Ingolia+ et. al.. recently+ reAaddressed+ this+ question+ by+ presenting+ an+ approach+ to+ distinA 1272"
guish+ true+ 80S+ protected+ footprints+ from+ other+ contaminating+ sequences+ in+ RIBOAseq+ 1273"
data+ on+ a+ case+ per+ case+ basis+ (Ingolia+ et+ al.,+ 2014).+ Protected+ RNA+ fragments+ can+ be+ 1274"
classified+ based+ on+ their+ size+ distribution,+ enabling+ the+ discrimination+ between+ true+ 1275"
footprints+ (which+ predominate+ on+ coding+ sequences)+ and+ sources+ of+ contamination+ 1276"
(containing+ nonAcoding+ RNA).+ Analysis+ based+ on+ this+ metric+ revealed+ that+ RIBOAseq+ 1277"
derived+reads+from+lncRNAs+overwhelmingly+reflect+true+ribosome+footprints,+while+true+ 1278"
ncRNAs+are+classified+as+being+nonAcoding+(Ingolia+et+al.,+2014).++ 1279"
Adaptations+ to+ the+RIBOAseq+protocol+ can+also+be+used+ to+distinguish+between+coding+ 1280"
and+nonAcoding+transcripts.+Polysomal+fractionation+can+for+example+be+used+in+order+to+ 1281"
isolate+only+mRNAs+bound+by+multiple+ribosomes.+In+this+way+actively+translated+mRNAs+ 1282"
can+be+distinguished+ from+mRNAs+bound+by+nonAproductive+ ribosomes+ (Aspden+et+al.,+ 1283"
2014;+Smith+et+al.,+2014)+(See+also+next+paragraph).+ 1284"
3.5.2! sORF!identification!using!ribosome!profiling!! 1285"
A+first+study+in+yeast+explored+unanntoated+RNA+(uRNA)+transcripts+based+on+genomeA 1286"
wide+ RNAseq+ expression,+ only+ taking+ into+ account+ reads+ not+ mapping+ to+ annotated+ 1287"
features+ of+ the+ Ensembl+ sacCer2+Saccharomyces+ genome+ (Smith+ et+ al.,+ 2014).+ 95%+ of+ 1288"
these+uRNA+transcripts+showed+translatability+(based+on+polysome+association)+greater+ 1289"
than+the+mean+score+for+classic+ncRNA+(compared+to+98%+for+classical+mRNA).+MoreoA 1290"
ver,+>50%+of+the+uRNAs+revealed+by+RIBOAseq,+showed+high+transcript+expression+levels+ 1291"
based+ on+ ribosome+ occupancy.+ 53+ of+ these+ ribosomeAprotected+ fragments+ clearly+ deA 1292"
marcated+sORFs+between+10+and+100+AAs.+To+evaluate+biological+significance,+conservaA 1293"
tion+ within+ yeast+ species+ (spanning+ >+ 100+ million+ years+ of+ evolution)+ was+ examined+ 1294"
(Kurtzman+and+Robnett,+2003).+39+sORFs+exhibited+varying+levels+of+conservation,+with+ 1295"
20+sORFs+displaying+conservation+between+>1+species.+More+ importantly,+12+sORFs+exA 1296"
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hibited+a+bias+towards+synonymous+mutations,+a+hallmark+of+conservation+at+the+peptide+ 1297"
level+(Smith+et+al.,+2014;+Zhang+et+al.,+2006).++ 1298"
Leveraging+ the+ periodicity+ of+ ribosomes+ on+mRNA,+ several+ hundred+ translated+ sORFs+ 1299"
could+be+identified+using+ribosome+profiling+in+zebrafish+(Bazzini+et+al.,+2014).+Bazzini+et. 1300"
al.+ developed+ a+method+ (ORFscore)+ that+ quantifies+ the+ bias+ of+ RPFs+ towards+ the+ first+ 1301"
CDS+frame.+Combining+frame+bias+and+ribosome+coverage,+303+experimentally+supportA 1302"
ed+coding+genes+could+be+identified+of+which+214+encoded+a+sORF+between+20+and+100+ 1303"
AAs+(corresponding+to+190+nonAredundant+sORF+ loci).+MS+was+used+as+an+ independent+ 1304"
analysis+method,+ confirming+ the+expression+of+ a+polypeptide+ for+6+of+ these+ loci.+Using+ 1305"
ORFscore,+311+(in+5'UTR)+and+93+(in+3'UTR)+translated+sORFs+could+be+identified,+of+which+ 1306"
17+ and+ 10+ could+be+ confirmed+by+mass+ spectrometry.+As+ an+ independent+ and+ compleA 1307"
mentary+approach,+a+codon+conservation+pipeline+was+devised+to+search+for+sORFs+based+ 1308"
on+wholeAgenome+alignments+(Lin+et+al.,+2011).+Of+the+45+sORFs+that+could+be+identified+ 1309"
by+ORFscore+and+that+had+sufficient+sequence+alignment+(enabling+PhyloCSF+conservaA 1310"
tion+analysis),+23+were+predicted+as+conserved+sORFs+(Bazzini+et+al.,+2014).++ 1311"
As+ already+ mentioned+ in+ paragraphs+ 2.4.3+ and+ 3.5.1,+ the+ original+ RIBOAseq+ approach+ 1312"
cannot+ be+ used+ as+ a+ foolproof+method+ to+ distinguish+ between+ coding+ and+ nonAcoding+ 1313"
transcripts+ (Guttman+et+al.,+2013;+ Ingolia+et+al.,+2014).+Aspden+et.al..tried+to+ tackle+ this+ 1314"
problem+ by+ enhancing+ the+ biochemical+ foundations+ of+ RIBOAseq.+ Their+ approach,+ 1315"
termed+ PolyARIBOAseq,+ only+ performs+ ribosome+ footprinting+ on+ polysomal+ fractions,+ 1316"
specifically+ identifying+ actively+ translated+ transcripts+ bound+ by+ multiple+ ribosomes+ 1317"
(Aspden+et+al.,+2014).+Applying+PolyARIBOAseq+to+Drosphila.S2+cells+enabled+the+discovA 1318"
ery+of+many+sORFs+of+two+putative+types.+The+longer+(~80+AA)+sORFs+resemble+canonical+ 1319"
proteins,+ are+ conserved+across+ species,+ show+specific+ subcellular+ localizations,+ and+disA 1320"
play+ a+ codon+ composition+ with+ potential+ to+ form+ trans+ membrane+ alphaAhelices.+ The+ 1321"
shorter+ (~20+AAs)+ sORFs+encode+peptides+ in+5'UTR+ region+and+ncRNAs.+These+are+ less+ 1322"
conserved+and+are+not+detected+by+gene+prediction+programs+(Aspden+et+al.,+2014).+ 1323"
+ 1324"
 Detection$of$micropeptides$using$mass$spectrome=3.6" 1325"
try$ 1326"
Few+studies+exist+where+mass+spectrometry+is+used+for+the+direct+detection+of+micropepA 1327"
tides,+although+this+still+ is+ the+gold+standard+when+ looking+for+protein+or+peptide+prodA 1328"
ucts.+ Using+ a+ newly+ developed+ strategy,+ combining+ peptidomics+ and+massive+ parallel+ 1329"
RNAAseq,+Slavoff+et.al.+ claim+the+discovery+of+many+previously+uncharacterized+human+ 1330"
sORFAencoded+ polypeptides+ (SEPs)+ in+ K562+ (human+ leukemia)+ cells+ (Ma+ et+ al.,+ 2014;+ 1331"
Slavoff+ et+ al.,+ 2013).+ First,+ custom+ databases+ were+ constructed+ containing+ all+ possible+ 1332"
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polypeptides+based+on+ the+annotated+human+ transcriptome+ (RefSeq)+and+based+on+an+ 1333"
experimental+RNAAseq+derived+K562+transcriptome.+The+peptidomics+mass+spectromeA 1334"
try+fragmentation+spectra+(MS/MS)+were+searched+against+using+these+custom+polypepA 1335"
tide+databases+(using+four+previously+reported+SEPs+as+positive+controls),+and+resulted+in+ 1336"
the+identification+of+several+hundred+SEPs+in+K562+cells,+additional+cell+lines+and+human+ 1337"
tissue+(Ma+et+al.,+2014;+Oyama+et+al.,+2007;+Slavoff+et+al.,+2013).+This+approach+also+enaA 1338"
bled+the+identification+of+a+human+sORF+encoding+gene,+MRI&2,.that+was+also+functionalA 1339"
ly+characterized+(Slavoff+et+al.,+2014)+(See+also+paragraph+3.2.2).+ 1340"
+ 1341"
"1342"
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+ 1371"
 Abstract$4.1" 1372"
4.1.1! Background! 1373"
It+was+long+assumed+that+proteins+are+at+least+100+amino+acids+(AAs)+long.+Moreover,+the+ 1374"
detection+ of+ short+ translation+ products+ (e.g.+ coded+ from+ small+Open+Reading+ Frames,+ 1375"
sORFs)+is+very+difficult+as+the+short+length+makes+it+hard+to+distinguish+true+coding+ORFs+ 1376"
from+ORFs+occurring+by+chance.+Nevertheless,+over+the+past+few+years+many+such+nonA 1377"
canonical+genes+(with+ORFs+<+100+AAs)+have+been+discovered+in+different+organisms+like+ 1378"
Arabidopsis.thaliana,.Saccharomyces.cerevisiae,.and.Drosophila.melanogaster.+Thanks+to+ 1379"
advances+in+sequencing,+bioinformatics+and+computing+power,+it+is+now+possible+to+scan+ 1380"
the+ genome+ in+ unprecedented+ scrutiny,+ for+ example+ in+ a+ search+ of+ this+ type+ of+ small+ 1381"
ORFs.+ 1382"
4.1.2! Results! 1383"
Using+ bioinformatics+methods,+we+ performed+ a+ systematic+ search+ for+ putatively+ funcA 1384"
tional+ sORFs+ in+ the+Mus. musculus+ genome.+ A+ genomeAwide+ scan+ detected+ all+ sORFs+ 1385"
which+ were+ subsequently+ analyzed+ for+ their+ coding+ potential,+ based+ on+ evolutionary+ 1386"
conservation+at+the+AA+level,+and+ranked+using+a+Support+Vector+Machine+(SVM)+learning+ 1387"
model.+The+ranked+sORFs+are+finally+overlapped+with+ribosome+profiling+data,+hinting+to+ 1388"
sORF+ translation.+ All+ candidates+ are+ visually+ inspected+ using+ an+ inAhouse+ developed+ 1389"
genome+browser.+In+this+way+dozens+of+highly+conserved+sORFs,+targeted+by+ribosomes+ 1390"
were+identified+in+the+mouse+genome,+putatively+encoding+micropeptides.+ 1391"
4.1.3! Conclusion! 1392"
Our+combined+genomeAwide+approach+ leads+ to+ the+prediction+of+a+ comprehensive+but+ 1393"
manageable+ set+ of+ putatively+ coding+ sORFs,+ a+ very+ important+ first+ step+ towards+ the+ 1394"
identification+of+a+new+class+of+bioactive+peptides,+called+micropeptides.+ 1395"
+ 1396"
 Background$4.2" 1397"
Classical+bioactive+peptides+are+cleaved+from+larger+precursor+proteins+that+have+a+signal+ 1398"
sequence+at+their+NAterminus+(Fricker,+2010;+Hashimoto+et+al.,+2008).+As+a+consequence+ 1399"
they+are+targeted+into+the+secretory+pathway+and+once+extraAcellular+play+a+–autocrine,+ 1400"
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paracrine,+or+endocrineA+ signaling+ role+ for+example+by+activating+GAprotein+coupled+ reA 1401"
ceptors+of+neighboring+or+more+distant+cells.++ 1402"
More+recently+new+concepts+and+different+classes+of+bioactive+peptides+are+described.+A+ 1403"
first+ class+ consists+ of+ intracellular+ peptides+ having+ a+ regulatory+ effect+ on+ cell+ signaling+ 1404"
(Cunha+et+al.,+2008).+Another+recent+class+(nonAclassical)+consists+of+peptides+that+are+not+ 1405"
processed+in+the+secretory+machinery.+One+type+of+this+latter+class+is+immediately+transA 1406"
lated+from+small+open+reading+frames+(sORFs;+<+100+AA)+(Galindo+et+al.,+2007;+HashimoA 1407"
to+et+al.,+2008;+Kondo+et+al.,+2010).+Since+they+ lack+an+NAterminal+signal+sequence+they+ 1408"
are+ in+ principle+ set+ free+ in+ the+ cytoplasm+ immediately+ after+ translation.+ From+ hereon,+ 1409"
these+are+denoted+as+micropeptides.+ 1410"
Although+ some+ members+ of+ this+ new+ category+ could+ already+ be+ linked+ to+ important+ 1411"
embryonic+and+morphogenetic+ functions+ in+plants+as+well+ as+ in+ animals+ (Hashimoto+et+ 1412"
al.,+2008),+micropeptide+research+is+not+yet+widespread.+Hundreds+of+novel+sORFs,+supA 1413"
ported+by+ transcriptional+evidence,+ could+be+ identified+ in+ the+Saccharomyces. cerevisiae+ 1414"
genome,+most+of+ them+with+ sequence+similarity+ to+ORFs+ in+other+organisms.+CompreA 1415"
hensive+analysis+of+one+specific+sORF,+termed+smORF2+even+shows+sequence+conservaA 1416"
tion+between+yeast+and+human+(Kastenmayer+et+al.,+2006;+Kessler+et+al.,+2003).++ 1417"
In+Arabidopsis+thaliana+the+POLARIS.(PLS).polypeptide+gene+was+identified+in+a+promotA 1418"
er+trap+transgenic+line+predominantly+showing+expression+in+the+embryonic+basal+region+ 1419"
and+ affecting+ root+ growth+ and+ leaf+ vascularization+ (Casson+ et+ al.,+ 2002).+ Next+ to+ this+ 1420"
already+characterized+PLS+peptide,+hundreds+of+other+novel+possible+coding+sORFs+were+ 1421"
identified+in+intergenic+regions+of+the+Arabidopsis.thaliana+genome+(Hanada+et+al.,+2007).+ 1422"
Other+ plant+ micropeptides+ have+ been+ examined:+ the+ recessive+ mutation+ of+ Brick1+ in+ 1423"
maize+ leads+ to+ several+ morphological+ defects+ of+ leaf+ epithelia,+ and+ Enod40+ is+ a+ 1424"
polycistronic+micropeptide+translated+in+soybean+playing+a+distinct+role+in+the+control+of+ 1425"
sucrose+ use+ in+ nodules+ (Frank+ and+ Smith,+ 2002;+Hashimoto+ et+ al.,+ 2008;+ Rohrig+ et+ al.,+ 1426"
2002).+ 1427"
In+animals,+a+handful+of+functional+micropeptides+have+also+been+discovered.+An+evoluA 1428"
tionary+conserved+micropeptide+was+identified+in+Drosophila.and+referred+to+as+polished. 1429"
rice. (pri)+ or+ tarsal&less. (tal),+ while+ the+ Tribolium+ orthologue+ is+ called+mille&pattes. (mlpt)+ 1430"
(Galindo+et+al.,+2007;+Kondo+et+al.,+2007;+Savard+et+al.,+2006).+These+tal.(or.pri)+peptides+ 1431"
(11+ AAs+ long)+ control+ epidermal+ differentiation+ by+ modifying+ the+ transcription+ factor+ 1432"
Shavenbaby.(Svb)+(Kondo+et+al.,+2010).+Increasing+evidence+suggests+that+these+soAcalled+ 1433"
micropeptides+are+also+present+in+higher+animals,+including+mammals.++ 1434"
Analyzing+ the+mouse+ genome+using+CRITICA+ (Badger+ and+Olsen,+ 1999)+ confirmed+ the+ 1435"
existence+ of+ many+ short+ ORFs,+ roughly+ accounting+ for+ 10%+ of+ the+ mouse+ proteome+ 1436"
(Frith+ et+ al.,+ 2006b).+Also,+ a+ recent+paper+by+ Ingolia. et. al.+ defines+ a+ new+ class+ of+ short+ 1437"
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polycistronic+ ribosomeAassociated+ coding+ RNAs+ (sprcRNAs)+ encoding+ small+ proteins+ 1438"
(Ingolia+et+al.,+2011).+In+human+cells,+Slavoff+et.al.+ identified+90+sORFAencoded+polypepA 1439"
tides+(SEP)+of+which+86+were+previously+uncharacterized+(Slavoff+et+al.,+2013).+ 1440"
The+ past+ decade+ has+ seen+ considerable+ advances+ in+ both+ sequencing+ technology+ and+ 1441"
computing+infrastructure,+resulting+in+everAmore+annotated+genomes+already+from+over+ 1442"
a+hundred+eukaryotic+species+(Ansorge,+2009).+Such+efforts+are+valuable+to+the+discovery+ 1443"
of+ sORFs+ putatively+ encoding+micropeptides+ for+ example+ by+ providing+ us+with+ a+ highA 1444"
resolution+ view+ of+ the+ developmental+ transcriptome,+ identifying+ thousands+ of+ newly+ 1445"
transcribed+regions+(NTRs)+(Daines+et+al.,+2010;+Graveley+et+al.,+2011)+or+a+conserved+set+ 1446"
of+ long+nonAcoding+RNAs+(lncRNAs)+and+other+nonAcoding+RNAs+(ncRNAs)+(Pauli+et+al.,+ 1447"
2012;+Ulitsky+et+al.,+2011)+in+different+species.++ 1448"
Furthermore,+ new+ sequencing+ methodologies+ emerge.+ Ribosome+ profiling,+ a+ recently+ 1449"
described+ technique,+ based+ on+ deep+ sequencing+ of+ ribosomeAprotected+ mRNA+ fragA 1450"
ments,+enables+ the+highAprecision+and+genomeAwide+monitoring+of+ translation+ (Ingolia+ 1451"
et+al.,+2009;+2011;+Lee+et+al.,+2012).+Such+ribosome+profiling+experiments+performed+on+ 1452"
mouse+embryonic+stem+cells+(mESCs)+(Ingolia+et+al.,+2011)+and+human+embryonic+kidney+ 1453"
293+(HEK293s)+cells+(Lee+et+al.,+2012),+further+strengthen+the+theory+that+short+unannoA 1454"
tated+RNA+sequences+or+ ribosome+footprints+can+encode+micropeptides,+especially+beA 1455"
cause+the+length+of+ORFs+in+the+NTRs+is+very+frequently+below+100+AAs+in+these+studies.++ 1456"
Of+particular+interest+in+recent+literature+are+sORFs+within+lncRNAs+as+research+points+to+ 1457"
the+existence+of+such+RNAs+expressing+different+short+polypeptides+(Guttman+and+Rinn,+ 1458"
2012).+However+the+debate+on+the+extent+of+ their+peptide+coding+capacities+ is+ongoing+ 1459"
(Banfai+et+al.,+2012;+Dinger+et+al.,+2011).+ 1460"
Although+ huge+ numbers+ of+ novel+ transcripts+ are+ documented+ in+ every+ transcriptomeA 1461"
sequencing+project,+geneAprediction+is+still+a+challenge,+especially+when+looking+for+funcA 1462"
tional+ sORFs.+Until+ recently,+most+geneAprediction+ tools+ arbitrarily+ applied+a+minimum+ 1463"
sequence+ length+ cutoff+ (e.g.+ 100+AAs),+ reducing+ the+ likelihood+of+ false+positive+predicA 1464"
tions+ (Dinger+ et+ al.,+ 2008).+ False+ negative+ ratios+ also+ increase+when+ trying+ to+ discover+ 1465"
small+coding+sequences+as+they+lack+splicing+signals+on+either+side+of+the+single+exon+and+ 1466"
show+a+decreasing+signalAtoAnoise+ratio+as+the+size+of+the+coding+region+decreases+(Wang+ 1467"
et+al.,+2003;+Yang+et+al.,+2011).+In+an+attempt+to+circumvent+these+limitations+sORFfinder,+ 1468"
a+software+package+to+identify+specifically+sORFs+with+high+coding+potential+was+devised+ 1469"
(Hanada+et+al.,+2010).+sORFfinder+makes+use+of+the+nucleotide+composition+bias+between+ 1470"
coding+and+nonAcoding+sequences+ to+evaluate+ the+coding+potential+of+ those+ functional+ 1471"
sORFs+ (Hanada+et+al.,+ 2007).+However,+genomeAwide+ searches+ for+ sORFs+ in+higher+euA 1472"
karyotes+are+still+seen+as+a+computational+burden:+thus+no+such+data+exist+for+any+higher+ 1473"
eukaryote+(Ladoukakis+et+al.,+2011;+Lee+et+al.,+2012).+ 1474"
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To+the+best+of+our+knowledge,+a+systematic+genomeAwide+study+scanning+for+sORFs+that+ 1475"
encode+ small+peptides+has+not+yet+been+performed+ for+a+mammalian.+A+ first+genomeA 1476"
wide+ search+ for+ sORFs+has+been+undertaken+ for+Saccharomyces. cerevisiae.+A+ combinaA 1477"
tion+of+in.silico+and+experimental+approaches+proves+the+existence+of+at+least+299+sORFs+ 1478"
in+the+yeast+genome,+accounting+for+up+to+5%+of+the+proteinAcoding+genes+(Kastenmayer+ 1479"
et+al.,+2006).+In+Arabidopsis.thaliana,+a+systematic+search+for+sORFs+revealed+the+potenA 1480"
tial+existence+of+3,241+coding+sequences+for+which+evidence+for+transcription+or+purifying+ 1481"
selection+is+available+(Hanada+et+al.,+2007).++ 1482"
A+recent+study+describes+a+systematic+search+for+putatively+functional+sORFs+in+euchroA 1483"
matic+ regions+ of+ Drosophila. melanogaster,+ postulating+ the+ existence+ of+ at+ least+ 401+ 1484"
sORFs+coding+ for+ small+peptides+ (Ladoukakis+et+al.,+2011).+ In+ this+ report+we+combine+a+ 1485"
genomeAwide+in.silico+search+strategy+and+the+specific+characteristics+of+ribosome+profilA 1486"
ing+data+in+a+search+for+sORFs+putatively+encoding+functional+micropeptides+in+the+model+ 1487"
organism+Mus.musculus.+ 1488"
+ 1489"
 Methods$4.3" 1490"
Genera l & l ayout &o f & the & ident i f i ca t ion &p ipe l ine & 1491"
The+ presented+ pipeline+ consists+ of+ different+ steps+ (see+ Figure+4.1).+ First,+ the+ genomic+ 1492"
sequence+ was+ scanned+ for+ sORFs+ (with+ high+ coding+ potential)+ using+ the+ sORFfinder+ 1493"
package+ (Hanada+ et+ al.,+ 2010).+ Secondly,+ the+ conservation+ pattern+ of+ those+ detected+ 1494"
sORFs+was+investigated+by+means+of+the+UCSC+multiple+alignment+containing+29+verteA 1495"
brate+genomes+for+Mus.musculus. (Dreszer+et+al.,+2012)..For+all+sORFs+several+measures+ 1496"
pointing+to+peptide+sequence+conservation+were+gathered+from+this+multiple+alignment,+ 1497"
leading+to+a+comprehensive+data+matrix+that+formed+the+basis+for+further+mathematical+ 1498"
analysis.+ In+ a+ third+ step,+ a+machine+ learning+ technique+ (more+ specifically+ a+ SVM)+ was+ 1499"
applied+ assessing+ the+ coding+ capabilities+ of+ the+ sORFs+ (Joachims,+ 1999).+ As+ such,+ we+ 1500"
were+able+to+classify+and+subsequently+rank+the+sORFs+based+on+a+set+of+relevant+peptide+ 1501"
sequence+conservation+measures.++ 1502"
Afterwards,+ these+ sORF+ locations+were+ verified+ for+ the+ presence+of+ ribosome+profiling+ 1503"
signals,+ obtained+ from+ experiments+ performed+ on+mESCs.+ As+ micropeptides+ seem+ to+ 1504"
play+ their+ role+ during+ embryogenesis+ and+ morphogenesis,+ these+ specific+ mESC+ data+ 1505"
resources+are+assumed+to+be+extremely+valuable.++ 1506"
The+overlap+of+both+the+in.silico+prediction+analysis+(resulting+in+sORFs+with+high+coding+ 1507"
potential)+ and+ the+ ribosome+ profiling+ data+ (suggesting+ translation)+ could+ potentially+ 1508"
yield+ functional+ micropeptides.+ An+ inAhouse+ developed+ genome+ browser+ (H2G2)+ was+ 1509"
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subsequently+ used+ to+ visually+ inspect+ all+ aforementioned+ (experimental)+ data+on+ a+geA 1510"
nomeAwide+scale+(http://h2g2.ugent.be/biobix.html)+(see+Appendix+file+4.1+for+login+creA 1511"
dentials).+ 1512"
1513"
Figure'4.1:'General.layout.of.the.identification.pipeline..The.identification.pipeline.consists. 1514"
of.different.steps.as.outlined. in. the.workflow..Central. in. the.analysis. is. the.MySQL.sORF. 1515"
database.where.all.obtained.and.calculated.data. is.stored..This.overall.sORF.data.matrix. 1516"
can. be. downloaded. via. Appendix. File. 5.1.. (1). Genome&wide. search. for. sORFs. (with. high. 1517"
coding.potential).with.the.sORFfinder.package..(2).Calculation.of.different.peptide.conser& 1518"
vation.measures.based.on.the.UCSC.Mouse.multiple.alignments.. (3).Coding.capability.as& 1519"
sessment.of.the.sORFs.by.means.of.a.Support.Vector.Machine.(SVM).learning.algorithm..(4). 1520"
Inspection.of. the. sORF. locations. for. presence.of. ribosome.profiling. signals. obtained. from. 1521"
mESC.experiments..(5).Genome&wide.visualization.of.all.(experimental).data.and.all.sORF. 1522"
information.on.our.in&house.developed.H2G2.Genome.Browser.. 1523"
Step &1 : &GenomeLwide & ident i f i ca t ion &o f & sORFs & 1524"
sORFfinder+was+used+to+search+for+sORFs+ in+the+Mus.musculus+ (NCBIM37.66)+genome+,+ 1525"
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checking+for+the+presence+of+potentially+coding+sORFs+with+a+length+between+10+and+100+ 1526"
AAs.+Prior+to+genomeAwide+scanning,+the+hidden+Markov+model+(HMM)+was+trained+with+ 1527"
exon+(coding)+and+intron+(nonAcoding)+data+from+the+longest+chromosome+1.+The+value+ 1528"
for+P,+reflecting+the+coding+percentage+in+the+mouse+genome,+was+set+to+0.025+(Ahnert+ 1529"
et+al.,+2008).++ 1530"
The+inAhouse+developed+script+(and+all+further+computational+scripting)+was+run+on+a+16+ 1531"
core+128+Gb+Ram+Linux+server,+running+CentOS+5.2.+sORFfinder+took+between+5–14+days+ 1532"
analyzing+ one+ chromosome,+ depending+ on+ its+ size,+ using+ up+ to+ 50+Gb+ of+memory.+ All+ 1533"
sORFs+and+further+obtained+data+were+stored+in+an+InnoDB+MySQL+(v+5.5.18)+database,+ 1534"
making+use+of+table+partitioning+(both+List+and+Hash)+and+indexing+for+efficient+querying.+ 1535"
The+sORF+data+matrix+is+also+available+as+a+downloadable+CSV+file+via+Appendix+file+4.1.+ 1536"
Step &2 : &Pept ide & conservat ion &based &on &UCSC &mul t ip le & 1537"
spec ies &a l ignment & 1538"
The+multiple+species+alignment+used+ in+this+analysis+was+obtained+from+UCSC+(Dreszer+ 1539"
et+al.,+2012).+The+Mus.musculus+mm9+multiple+species+alignment+contains+29+species+of+ 1540"
which+ 8+ (relevant+ for+ this+ study)+ were+ chosen:+ Rattus. norvegicus,. Cavia. porcellus,. 1541"
Oryctolagus. cuniculus,. Homo. sapiens,. Sorex. araneus,. Bos. taurus,. Echinops. telfairi,. and. 1542"
Monodelphis.domestica.+Custom+scripts+ (Perl+ v.5.8.8)+were+applied+ to+extract+ the+alignA 1543"
ment+block+ for+each+ sORF+ in+order+ to+distill+ relevant+peptide+conservation+characterisA 1544"
tics.++ 1545"
These+ characteristics+ include+ the+ number+ of+ aligned+ sequences,+ the+ number+ of+ alignA 1546"
ments+having+a+conserved+ORF+ length,+the+number+of+alignments+with+conserved+start+ 1547"
and+ stop+ codon,+ and+ the+ total+ amount+ of+ synonymous+ versus+ nonAsynonymous+mutaA 1548"
tions+ between+ the+ different+ species+ as+ compared+ to+Mus.musculus.+ Using+ the+ BioPerl+ 1549"
package+ Bio::Align::DNAStatistics+ (available+ from+ CPAN+ 1550"
http://search.cpan.org/~cjfields/BioPerlA1.6.901/Bio/Align/DNAStatistics.pm),+ pairAwise+ 1551"
Ka/Ks+ values+ were+ calculated+ using+ the+ function+ “calc_kaks_pair”+ based+ upon+ the+ NeiA 1552"
Gojobori+statistics+(Nei+and+Gojobori,+1986).+ 1553"
Step &3 : &SVM& t ra in ings &data , & c l ass i f i ca t ion &and & rank ing & 1554"
SVMlight+ is+an+ implementation+of+SVMs+ in+C.+SVMlight+ (Joachims,+1999)+was+used+within+ 1555"
the+RAproject+(R+v+2.12.2,+(Team,+2009))+package+klaR+(v+0.6A6,+(Weihs,+2005))+available+ 1556"
via+ CRAN+ (http://cran.rAproject.org/web/packages/mixOmics/index.html)/.+ LibSVM+ 1557"
(Chang+et+al.,+2011)+is+made+available+both+as+a+C+++and+Java+software+package+for+supA 1558"
port+vector+classification+that+can+be+used+through+the+R+package+kernlab+(v+0.9A14)+(AleA 1559"
xandros+ Karatzoglou,+ 2004)+ and+ is+ also+ available+ via+ CRAN+ (http://cran.rA 1560"
project.org/web/packages/kernlab/index.html).+ An+ RAscript+ was+ compiled+ to+ train+ the+ 1561"
SVMs+ and+ subsequently+ classify+ and+ rank+ all+ the+ obtained+ sORFs+ according+ to+ coding+ 1562"
probability.+Both+SVMs+were+run+with+a+linear+kernel+and+standard+parameters.+ 1563"
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The+negative,+nonAcoding+training+data+were+constructed+from+predicted+sORFs,+located+ 1564"
in+ annotated+ intronic+ regions+ of+ known+ proteinAcoding+ genes.+ A+ set+ of+ randomly+ conA 1565"
structed+ DNAAsequences+ was+ used+ as+ positive+ coding+ training+ data,+ having+ the+ same+ 1566"
length+distribution+as+the+predicted+sORFs.+The+sequences+are+located+within+annotated+ 1567"
exonic+ regions+of+known+genes.+The+positive+ training+data+had+to+be+ in+ frame+with+ the+ 1568"
proteinAcoding+part+of+a+gene+to+mimic+true+conservation+at+the+AA+level.+Therefore,+the+ 1569"
predicted+sORFs+located+in+known+exonic+regions+could+not+be+used,+as+the+greater+maA 1570"
jority+of+the+sORFs+were+not+in+frame+with+the+protein+coding+part+of+the+gene+in+which+ 1571"
they+are+located.+The+training+data+(48,196+sequences)+consisted+of+an+equal+amount+of+ 1572"
coding+ and+ nonAcoding+ sequences,+ randomly+ selected+ from+ all+ available+ training+ data.+ 1573"
SVMs+were+trained+on+4/5th+of+the+data,+and+tested+on+the+remaining+sequences.+Further+ 1574"
crossAvalidation+did+not+improve+nor+change+overall+classification+and+ranking.+ 1575"
Step &4 : &mESC & r ibosome &p ro f i l i ng &data & 1576"
Raw+ sequencing+ data+ of+ the+mESC+ ribosome+ profiling+ data+ (Ingolia+ et+ al.,+ 2011)+ were+ 1577"
downloaded+from+the+Gene+Expression+Omnibus+(dataset+GSE30839).+All+reads+from+the+ 1578"
normal+ (cycloheximide+ (CHX)Atreated,+ sample+GSM765292)+and+harringtonine+ (HARR)A 1579"
treated+ (sample+ GSM765295)+ were+ remapped+ using+ bowtie+ (v.+ 0.12.7)+ on+ the+ mouse+ 1580"
genome+(assembly+version+37).++ 1581"
After+removal+of+rRNA+mapped+reads,+the+remaining+reads+were+used+to+analyze+ interA 1582"
genic+ and+ ncRNA+ sORFs.+ For+ evaluation+ of+ the+ intergenic+ sORFs,+ reads+ were+ first+ 1583"
mapped+ on+ the+ mouse+ cDNA+ database+ (Ensembl+ version+ 66).+ Unmapped+ reads+ were+ 1584"
subsequently+mapped+on+ a+ custom+database+ constructed+ from+all+ intergenic+ sORF+ seA 1585"
quences.+ At+ both+ the+ 5'+ and+ 3'+ ends+ these+ intergenic+ sORF+ sequences+ were+ extended+ 1586"
with+20+bases,+thus+also+allowing+ribosome+profile+mapping+at+both+termini+(an+offset+is+ 1587"
generally+applied+ for+ ribosome+profile+mapping+ (Ingolia+et+al.,+2011)).+For+ncRNA+sORF+ 1588"
evaluation,+ reads+were+uniquely+mapped+to+ the+mouse+genome+after+ removal+of+ rRNA+ 1589"
mapped+reads.++ 1590"
All+ sORFs+ from+ both+ aforementioned+ sets+ were+ first+ investigated+ for+ the+ presence+ of+ 1591"
ribosome+profile+peaks+at+ the+ translation+start+position,+based+upon+ the+HARRAtreated+ 1592"
data.+Secondly,+the+sequencing+data+from+the+CHXAtreated+sample+were+used+to+calcuA 1593"
late+overall+coverage+(based+on+total+read+length)+and+an+RPKM+value.+The+RPKM+value+ 1594"
is+defined+as+the+total+number+of+reads+mapped+to+the+sORF+per+kb+sORF+exon+sequence+ 1595"
divided+ by+ the+ total+ amount+ of+ nonArRNA+ reads+ (in+million+ reads).+ Only+ sORFs+with+ a+ 1596"
coverage+>+75%+where+retained+for+further+analysis.+The+75%+threshold+ is+based+on+the+ 1597"
mean+value+of+the+fractionAnonAzero+measures+calculated+by+Ingolia+et.al.+2011+for+all+the+ 1598"
90+bp+windows+showing+ribosome+profile+coverage+within+lncRNAs.+ 1599"
Step &5 : &GenomeLwide &v i sua l i za t ion & 1600"
GenomeAwide+ visualization+ of+ publicly+ available+ and+ experimental+ data+ was+ accomA 1601"
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plished+ by+ using+ an+ inAhouse+ developed+ genome+ browser+ 1602"
(H2G2,http://h2g2.ugent.be/biobix.html).+ Several+ information+ tracks+ are+ available,+ inA 1603"
cluding+genomic+information+from+a+local+Ensembl+instance+(NCBIM37.66),+sORF+predicA 1604"
tion+ results,+ phastCons+ conservation+ scores,+ and+ different+ experimental+ results+ 1605"
(Guttman+and+Rinn,+2012;+ Ingolia+et+al.,+2011;+Siepel+et+al.,+2005).+The+underlying+data+ 1606"
are+stored+in+a+MySQL+database+(v+5.0.27)+enabling+genomeAwide+specific+querying+and+ 1607"
filtering+through+standard+query+language+(SQL)+statements.+ 1608"
+ 1609"
 Results$4.4" 1610"
4.4.1! GenomePwide!identification!of!sORFs! 1611"
The+genomeAwide+search+for+sORFs+with+sORFfinder+resulted+in+the+prediction+of+2+414+ 1612"
358+ singleAexon+ sORFs+ with+ high+ coding+ potential,+ out+ of+ a+ total+ pool+ of+ 40+ 704+ 347+ 1613"
sORFs+ (see+Table+4.1).+The+strandAspecific+genomic+ location,+sequence,+and+coding+poA 1614"
tential+score+(calculated+by+sORFfinder)+were,+like+all+subsequently+obtained+data,+stored+ 1615"
in+a+MySQL+relational+database.+ 1616"
The+ number+ of+ sORFs+with+ a+ specific+ length+ tends+ to+ increase+with+ decreasing+ length+ 1617"
(Figure+4.2A).+This+comes+as+no+surprise+since+short+nucleotide+sequences+with+ORFAlike+ 1618"
qualities+may+ easily+ appear+ by+ chance.+ Including+ sORFs+with+ a+ length+ smaller+ than+ 10+ 1619"
AAs+would+thus+exponentially+increase+the+pool+of+sORFs+under+investigation+and+make+ 1620"
further+computational+analysis+much+more+demanding+or+even+impossible.+If+we+look+at+ 1621"
the+total+number+of+sORFs+found+by+sORFfinder,+and+assume+a+random+and+even+distriA 1622"
bution+ across+ the+ genome,+ we+ see+ that+ sORFs+ are+ distributed+ evenly+ in+ the+ different+ 1623"
autosomes+with+circa+1+sORF+every+130+bp+(Table+4.1).+There+is+slightly+more+variation+in+ 1624"
distance+between+adjacent+sORFs+(again+assuming+even+distribution)+when+looking+only+ 1625"
at+those+with+high+coding+potential,+with+on+average+1+sORF+every+2+200+bp.+As+can+be+ 1626"
seen+in+Table+4.1,+the+sex+chromosomes+tend+to+deviate+from+these+averages+with+sparsA 1627"
er+(high+coding)+sORF+appearances.+ 1628"
All+ resulting+ sORFs+ from+sORFfinder+were+overlapped+with+ the+genomeAwide+Ensembl+ 1629"
annotation+(NCBIM37,+annotation+version+66).+As+can+be+seen+in+Figure+4.2B+and+associA 1630"
ated+ Table+4.2,+most+ of+ the+ sORFs+ are+ located+ in+ intergenic+ regions+ as+ these+ take+ up+ 1631"
most+of+the+genome.++ 1632"
Although+many+sORFs+are+located+in+intronic+regions,+this+is+less+then+would+be+expected+ 1633"
(assuming+an+even+distribution+of+sORFs+throughout+the+genome)+(Exact.binomial.test.p. 1634"
<.2.2e&16).+ In+the+same+way,+almost+double+the+number+of+sORFs+were+found+in+exonic+ 1635"
regions+as+would+be+expected+under+an+even+distribution+(Exact.binomial.test.p.<.2.2e&16)+ 1636"
(Sakharkar+et+al.,+2005).+These+observations+ indicate+that+sORFfinder+succeeds+ in+makA 1637"
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ing+a+good+distinction+between+coding+and+nonAcoding+sORFs.+ 1638"
+ 1639"
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+ 1640"
1641"
Figure'4.2.Overview.of.the.in.silico.coding.sORF.prediction..(A).Histogram.of.the.total.num& 1642"
ber.of. sORFs.depicted.by.ORF. length. (in.AA).. (B).Distribution.of. sORFs.according. to. their. 1643"
genomic.location..sORfs.overlapping.more.than.one.different.category.are.grouped.as.“oth& 1644"
ers”..(C).Evaluation.of.the.sORF.coding.probability..The.fractions.of.annotated.and.predict& 1645"
ed.coding.and.non&coding.sORFs.within.the.test.dataset.are.plotted..(D).Visual.representa& 1646"
tion. of. the. classification. of. all. 9. 612. test. subjects,. based. upon. both. SVMs. (SVMlight. and. 1647"
libSVM)..True.coding.sORFs.are.depicted.in.green.and.true.non&coding.in.red.(see.Figure.4.3)+ 1648"
4.4.2! Peptide!conservation!based!on!UCSC!multiple!species!alignP 1649"
ment! 1650"
To+assess+their+peptideAcoding+potential,+all+sORFs+were+analyzed+using+a+multiAspecies+ 1651"
alignment+of+8+vertebrate+species.+For+each+sORF+a+number+of+basic+peptide+conservaA 1652"
tion+characteristics+were+deduced+and+gathered+(see+Appendix+file+4.2+for+an+example).+ 1653"
Each+overview+contains+the+DNA+and+AA+sORF+alignment+for+all+conserved+species.+Each+ 1654"
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pairAwise+alignment+ for+ all+ conserved+ species+ is+ further+ analyzed+ to+obtain+ the+ specific+ 1655"
coding+potential+characteristics.+In+this+way,+we+obtained+the+number+of+species+in+which+ 1656"
the+ORF+length+as+well+as+the+start+and+stop+codons+are+conserved.++ 1657"
+ 1658"
+ 1659"
+ 1660"
+ 1661"
+ 1662"
+ 1663"
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Furthermore+all+mutations+between+the+alignments+are+analyzed+for+ their+synonymous+ 1679"
or+ nonAsynonymous+ nature,+ permitting+ the+ calculation+ of+ synonymous+ and+ nonA 1680"
synonymous+substitution+ rates+ (Ks+and+Ka,+ respectively).+ In+a+ last+step,+Ka/Ks+values+ for+ 1681"
each+ pairAwise+ alignment+ were+ calculated.+ All+ obtained+ characteristics+ and+ positional+ 1682"
info+regarding+all+ the+sORFs+are+stored+ in+a+data+matrix+and+are+available+via+Appendix+ 1683"
file+4.1++ 1684"
4.4.3! Classification!and!ranking! 1685"
We+used+ an+ SVM+approach+ to+ classify+ the+ sORFs+ into+ a+ coding+ and+ nonAcoding+ group+ 1686"
based+on+all+aforementioned+characteristics.+After+training+the+SVM+on+4/5th+of+the+data+ 1687"
and+testing+the+SVM+on+the+remainder,+we+reached+a+correct+classification+for+up+to+93%+ 1688"
of+the+test+subjects,+with+a+false+positive+rate+not+exceeding+4%+(Figure+4.2C).+ClassificaA 1689"
tion+ via+ SVMlight+ was+ also+ verified+ by+ running+ the+ same+ analysis+ using+ a+ second+ SVM+ 1690"
package+ (libSVM).+The+outcome+of+both+SVM+packages+shows+a+very+good+correlation+ 1691"
(see+Figure+4.2D),+proving+the+robustness+of+the+SVM+approach.+ 1692"
4.4.4! CrossPvalidation!with!mESC!ribosome!profiling!data! 1693"
Even+ with+ very+ stringent+ parameters+ this+ genomeAwide+ in. silico+ prediction+ approach+ 1694"
gives+rise+to+hundreds,+even+thousands+of+possibly+interesting+sequences+(Table+4.2).+We+ 1695"
reasoned+that+a+combined+approach+incorporating+also+biologically+relevant+data+next+to+ 1696"
the+ in. silico+ analysis+ should+ lead+ to+a+more+meaningful+ set+of+ sORFs,+at+ the+ same+ time+ 1697"
overcoming+several+approachAspecific+limitations+(see+Discussion).++ 1698"
Therefore+we+reanalyzed+ribosome+profiling+data+obtained+from+a+mESC+sample+(Ingolia+ 1699"
et+al.,+2011).+The+sequencing+reads+were+uniquely+mapped+to+sORFs+located+in+intergenic+ 1700"
or+ ncRNA+ regions.+ Retaining+ only+ those+ sORFs+ that+ overlap+with+ ribosome+ profiles+ at+ 1701"
their+start+position+in+the+HARR+treated+sample+data+and+that+have+a+sequence+read+covA 1702"
erage+of+at+least+75%+relative+to+the+untreated+sample+data,+led+to+a+set+of+226+intergenic+ 1703"
sORFs+and+528+sORFs+located+in+ncRNA+regions.+Looking+only+at+lncRNA+sORFs,+as+data+ 1704"
points+ to+ their+ expression+ in+ these+ regions+ (Ingolia+ et+ al.,+ 2011),+ further+ decreases+ the+ 1705"
sample+size+to+35+sORFs.+An+overlap+of+the+aforementioned+intergenic+and+ncRNA+sORFs+ 1706"
with+the+SVM+training+data+can+be+seen+in+Figures+4.4A+and+4.4B+respectively.++ 1707"
In+ combination+with+ the+ conservation+ characteristics+ from+ the+ in. silico+ prediction,+ this+ 1708"
gives+rise+to+a+set+of+sORFs+that+(A)+show+a+high+coding+probability+score+based+on+the+ 1709"
aforementioned+ SVM+ approach+ and+ (B)+ overlap+ with+ biologically+ relevant+ ribosomal+ 1710"
profiles+ (see+ Table+4.2).+ Further+ research+ on+ a+ caseAbyAcase+ basis+ will+ be+ necessary+ to+ 1711"
evaluate+ and+ interpret+ the+ differential+ expression+ between+ different+ developmental+ 1712"
stages.+ 1713"
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Figure'4.3'Classification.of.test.data.using.SVMs.(A).Visual.representation.of.the.classifica& 1714"
tion.of.all.9,612.test.subjects,.based.upon.both.SVMs.(SVMlight.and.LibSVM,.see.also.meth& 1715"
ods.section)..True.coding.subjects.are.depicted.in.green.and.true.non&coding.in.red..(B).and. 1716"
(C).Histograms.of.SVM.coding.probability.based.upon.the.SVMlight.analysis..All.red.sORFs. 1717"
with.coding.probability.above.0.5.are.in.fact.false.positives;.all.green.sORFs.having.a.score. 1718"
lower. as. 0.5. are. false. negatives.. See. also. figure. 4.2C. for. visual. interpretation. of. all. 1719"
false/true.negative/positive.test.subject.. 1720"
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Figure'4.4.Overlap.between.sORFs.with.ribosomal.profiling.evidence.and.the.classified.test. 1721"
subjects..(A).Overlap.between.intergenic.sORFs.with.ribosomal.profiling.evidence.and.clas& 1722"
sified. test. subjects.. (B).Overlap. between. ncRNA. sORFs.with. ribosomal. profiling. evidence. 1723"
and.classified.test.subjects..True.coding.sORFs.are.depicted.in.green.and.true.non&coding.in. 1724"
red. (see. Figure. 4.3),. black. dots. represent. the. intergenic/ncRNA. sORFs.. Classification. and. 1725"
presentation.are.based.on. the.coding.probability.scores. from.the.2.SVMs.used.during. the. 1726"
analysis.' 1727"
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4.4.5! Visualization! 1728"
All+ sORFs+ are+mapped+ on+ the+ reference+ genome+ and+made+ accessible+ through+ an+ inA 1729"
house+ developed+H2G2+ genome+browser,+ (see+Appendix+ file+ 4.1+ for+ login+ credentials).+ 1730"
Next+ to+ the+ sORF+ information,+ static+ visualization+ tracks+are+added+depicting+genomic+ 1731"
annotation+ from+ Ensembl,+ phastCons+ conservation+ scores+ and+ other+ relevant+ inforA 1732"
mation.++ 1733"
Experimental+ribosomal+profiling+data+are+incorporated+using+individual+tracks+for+every+ 1734"
analysis+on+the+different+samples+(with+or+without+HARRA+treatment).+Together+with+the+ 1735"
UCSC+ multiAspecies+ alignment+ such+ visual+ representation+ of+ all+ available+ information+ 1736"
makes+ interpretation+ of+ the+ results+ far+ easier.+ For+ example,+ Figures+4.5+ and+ 4.6+ depict+ 1737"
some+newly+discovered+sORFs+(from+the+intergenic+and+ncRNA+pool,+respectively)+within+ 1738"
the+H2G2+genome+browser.+ 1739"
1740"
Figure'4.5.The.combined.approach. identifies.many.putatively. functional.sORFs. in.ncRNA. 1741"
regions.. (A).Visual. representation.of. the. lncRNA.overlapping.sORF. located.on. the. reverse. 1742"
strand.of.chromosome.2.(127.618.033.–.127.618.203).based.on.data.from.the.H2G2.genome. 1743"
browser..(B).AA.multiple.alignments.for.the.lncRNA.overlapping.sORF.presented.in.Figure. 1744"
4.5A. and. based. on. the. 8. species. under. investigation. from. the. UCSC.mm9.multi&species. 1745"
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alignment.. Next. to. the. AA. sequences. for. each. species,. a. synonymous. (S). versus. non& 1746"
synonymous.(N).annotated.conservation.line.is.added.for.better.interpretation.(see.Appen& 1747"
dix.file.4.2.for.the.complete.sORF.overview.file).. 1748"
1749"
Figure'4.6.The.combined.approach.identifies.many.putatively.functional.sORFs.in.intergen& 1750"
ic.regions..(A).Visual.representation.of.the.intergenic.sORF.located.on.the.forward.strand.of. 1751"
chromosome.11.(69.794.326.&.69.794.388).based.on.data.from.the.H2G2.genome.browser.. 1752"
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(B).Visual. representation.of. the. intergenic.sORF. located.on.the. reverse.strand.of.chromo& 1753"
some.X.(71.212.050.&.71.212.082).based.on.data.from.the.H2G2.genome.browser..The.sORF. 1754"
is.located.approximately.400.bp.upstream.of.a.known.protein&coding.gene.(Hcfc1)..(C).DNA. 1755"
multiple. alignments. for. the. intergenic. sORF.presented. in. Figure.4.6A.and.based.on. the.8. 1756"
species.under.investigation.from.the.UCSC.mm9.multi&species.alignment.. 1757"
. 1758"
 Discussion$4.5" 1759"
It+ is+ generally+ accepted+ that+ looking+ for+ conservation+across+ species+ is+ one+of+ the+best+ 1760"
strategies+ for+ finding+ functional+ sequences.+ In+ this+ study,+ the+ phastCons+ conservation+ 1761"
score+in+combination+with+specific+peptide+conservation+characteristics+derived+from+the+ 1762"
UCSC+multiAspecies+alignment+(Siepel+et+al.,+2005)+is+used+to+predict+the+coding+probabilA 1763"
ity+of+ sORFs.+We+ reasoned+ that+ the+ in. silico+method+ in+ combination+with+experimental+ 1764"
translational+ evidence+ would+ lead+ to+ an+ even+ more+ robust,+ stringent,+ and+ more+ imA 1765"
portantly,+in.vivo+validated+prediction.+We+therefore+combined+the+in.silico+approach+with+ 1766"
information+from+a+reanalyzed+ribosome+profiling+study+on+mESCs.+Ribosome+profiling+is+ 1767"
an+experimental+method+to+monitor+in.vivo+translation+by+deep+sequencing+of+ribosomeA 1768"
protected+mRNA+fragments+(Ingolia+et+al.,+2011)+thus+reflecting+ribosomal+occupancy.+ 1769"
In+ this+ report,+we+show+that+ the+combination+of+both+ the+ in. silico+prediction+and+the+ in. 1770"
vivo+ data+ leads+ to+ the+ discovery+ of+ many+ new+ putatively+ coding+ sORFs+ in+ the+mouse+ 1771"
genome+ (see+Appendix+ File+ 4.3).+ The+ identified+ sORFs+have+ a+ high+AA+ conservation+ in+ 1772"
multiple+ species,+ show+ ORF+ translation+ (based+ on+ CHXAtreated+ mESC+ line+ ribosome+ 1773"
profiling+experiments)+and+moreover+exhibit+a+ribosome+profile+peak+at+their+start+codon+ 1774"
(based+on+HARRAtreated+mESC+line+experiments).+When+analyzing+the+overlapping+data,+ 1775"
we+ specifically+ investigated+ sORFs+within+ ncRNA+ and+ intergenic+ regions.+Although+we+ 1776"
are+convinced+that+sORFs+overlapping+other+regions+constitute+interesting+study+objects,+ 1777"
we+concentrated+on+the+aforementioned+regions+in+this+study+for+the+following+reasons.+ 1778"
The+ first+ eukaryotic+ micropeptide,+ tarsal&less+ or+ pri,+ was+ discovered+ in+ a+ ncRNAA 1779"
annotated+region+(Kondo+et+al.,+2010).+Since+ORFs+shorter+than+100+AAs+have+long+been+ 1780"
disregarded+in+the+past,+it+is+possible+that+other+ncRNAs+are+in+fact+coding+for+small+pepA 1781"
tides,+making+this+set+of+sORFs+especially+interesting+(Kageyama+et+al.,+2011).++ 1782"
More+recent+studies+also+point+to+the+expression+of+specific+small+peptides+encoded+withA 1783"
in+lncRNAs+in+mammals+(Banfai+et+al.,+2012;+Guttman+and+Rinn,+2012;+Ingolia+et+al.,+2011;+ 1784"
Lee+et+al.,+2012).+The+described+results+(see+Table+4.2+and+Additional+file+4.1)+strengthen+ 1785"
the+idea+that+some+ncRNA+regions+actually+contain+putatively+coding+sORFs.+InvestigatA 1786"
ing+the+sORFs+within+annotated+lncRNA+regions+still+yields+very+wellAconserved+and+exA 1787"
pressed+ sORFs+ (see+ Figure+4.5A+ and+ 4.5B).+ Further+ analysis+ of+ the+ conservation+ of+ the+ 1788"
sORF+ presented+ in+ Figure+4.5,+ overlapping+ a+ lncRNA+ (1500011K16Rik)+ was+ done+ by+ 1789"
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means+of+a+BLAST+search+against+the+human+genome.+This+resulted+in+the+identification+ 1790"
of+1+region+within+the+second+and+biggest+exon+of+lncRNA+LINC00116,+part+of+the+GENA 1791"
CODE+annotation+(Derrien+et+al.,+2012),+ further+confirming+the+significance+of+our+findA 1792"
ings+(see+Figure+4.7).++ 1793"
The+fact+that+ lncRNA+expression+in+mESCs+tend+to+be+low+(Ingolia+et+al.,+2011),+ lncRNA+ 1794"
are+rarely+translated+in+different+cell+lines+(Banfai+et+al.,+2012)+and+that+known+micropepA 1795"
tides+have+ a+ very+narrow+expression+window+ in+ time+as+well+ as+ in+ space+ (Kondo+et+ al.,+ 1796"
2010),+suggests+that+many+putatively+coding+sORFs+remain+to+be+detected.+ 1797"
' 1798"
Figure' 4.7'BLAST. result. for. a. lncRNA. overlapping. sORF. against. the. human. genome.. A. 1799"
discontiguous.megablast. (blastn). against. the.human.genome. for. the. sORF.overlapping.a. 1800"
lncRNA. (1500011K16Rik).as.presented. in. figures.5.5A,.5.5B.and.Appendix. file. 5.2. lead. to. 1801"
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the.identification.of.1.region.in.the.human.genome..This.region.is.located.within.the.second. 1802"
and.biggest.exon.of.the.lncRNA.linc00116.. 1803"
. 1804"
Next+ to+ the+ aforementioned+ ncRNA+ sORFs,+ the+ set+ of+ sORFs+ located+ in+ intergenic+ reA 1805"
gions+was+also+investigated,+revealing+dozens+of+highly+conserved+sORFs+with+ribosome+ 1806"
profiling+experimental+validation.+One+of+the+more+striking+things+we+see+ in+our+results+ 1807"
on+intergenic+sORFs+is+that+a+lot+of+the+highAscoring+and+expressed+intergenic+sORFs+are+ 1808"
located+close+to+known+proteinAcoding+genes+(see+Figure+4.6A+and+4.6B).+Most+of+these+ 1809"
can+be+found+between+1+kb+and+100+bp+upstream+of+the+5'+untranslated+region+(UTR).++ 1810"
Several+explanations+can+be+formulated+for+this+phenomenon,+one+of+the+more+obvious+ 1811"
ones+ of+ course+ being+misannotation+ of+ the+ known+ gene+ close+ to+ the+ sORF.+ First,+ one+ 1812"
could+argue+the+existence+of+additional+exons,+upstream+of+the+already+annotated+ones,+ 1813"
which+have+been+overlooked+so+far.+This+could+give+an+explanation+for+some+of+the+idenA 1814"
tified+sORFs,+especially+those+showing+low+conservation+at,+and+around,+the+stop+codon+ 1815"
(translation+would+not+reach+this+stop+triplet+since+a+prior+splicing+event+would+prevent+ 1816"
this).++ 1817"
Secondly,+sORFs+are+sometimes+ located+within+1–200+bp+from+each+other,+mostly+only+ 1818"
measuring+10+–+20+AAs+in+length,+but+with+high+stop+codon+conservation.+The+likeliness+ 1819"
of+multiple+ splice+ sites+within+ these+ very+ short,+ and+highly+ conserved,+ sORFs+ seems+at+ 1820"
least+ debatable.+ Misannotation+ is+ not+ unique+ to+ aforementioned+ exonic+ regions,+ as+ it+ 1821"
could+also+have+happened+at+the+level+of+the+5'+UTR,+giving+rise+to+sORFs+possible+being+ 1822"
uORFs+ (described+as+ regulators+of+ the+ translation+of+ the+downstream+coding+sequence+ 1823"
(Xue+and+Barna,+2012)).++ 1824"
However,+keeping+in+mind+all+characteristics+of+the+identified+sORFs,+ it+cannot+be+ruled+ 1825"
out+that+some+sORFs+in+the+proximity+of+known+genes+could+give+rise+to+a+new+class+of+ 1826"
functional+ peptides+ playing+ a+ (regulatory)+ role+ that+ still+ has+ to+ be+ explored.+ In+ plants,+ 1827"
increasing+data+indicate+that+sORFs+play+diverse+roles+in+regulating+expression+and+in+this+ 1828"
way+participate+ in+ various+ cellular+ processes+ (Wang+and+Wessler,+ 1998).+Also,+ research+ 1829"
from+ (Qu+ and+ Adelson,+ 2012)+ points+ to+ the+ existence+ of+ thousands+ of+ previously+ unA 1830"
known+bovine+ncRNAs+in+the+proximity+of+known+genes,+possibly+encoding+sORFs.+Their+ 1831"
setAup+specifically+ removed+ncRNA+sequences+with+ORFs+ longer+ than+50+AAs;+ so+ small+ 1832"
putatively+ translated+ ORFs+ could+ still+ be+ present.+ They+ also+ performed+ a+ correlation+ 1833"
analysis+ on+ expression+ levels+ between+ these+ intergenic+ ncRNAs+ and+ protein+ coding+ 1834"
genes,+revealing+significant+correlation+for+many+transcripts,+supporting+the+hypothesis+ 1835"
that+these+ncRNA+sORFs+could+have+a+regulatory+function.+ 1836"
The+in.silico+generated+prediction+score,+as+outlined+in+the+results+and+methods+sections,+ 1837"
also+has+its+limitations.+Using+sORFfinder+as+a+first+filtering+step+introduces+false+positive+ 1838"
as+well+as+false+negative+sORFs+(Hanada+et+al.,+2010).+Although+we+are+working+on+ways+ 1839"
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to+ eliminate+ the+use+of+ this+ tool,+ for+ the+moment,+ this+ initial+ step+ is+ still+ indispensable+ 1840"
(because+of+a+too+high+computational+workload)+to+get+the+total+number+of+sORFs+down+ 1841"
in+a+sensible+way,+based+on+the+coding+index.++ 1842"
The+prediction+furthermore+greatly+depends+on+the+correctness+of+ the+multiple+species+ 1843"
sequence+ alignments.+ In+ cases+ where+ a+ sORF+ has+ no,+ or+ very+ few+ aligned+ sequences+ 1844"
(within+the+set+of+8+pairAwise+alignments+taken+into+account+in+this+study),+the+SVM+asA 1845"
sesses+ the+ coding+probability+mainly+on+ the+phastCons+ conservation+ score.+This+ score,+ 1846"
reflecting+DNA+conservation,+already+has+a+considerable+impact+on+the+overall+prediction+ 1847"
as+can+be+seen+in+Figure+4.8.++ 1848"
1849"
Figure'4.8'Influence.of.phastCons.score.on.classification.of.sORFs..sORFs.having.no.or.very. 1850"
few.aligned.sequences. (within.the.set.of.8.pair&wise.alignments.under. investigation),. lack. 1851"
most.peptide.conservation.characteristics.which.are.necessary.within. the. in.silico.pipeline. 1852"
to. thoroughly. assess. their. coding.probability..As. a. consequence. the. classification. for. this. 1853"
group.of.sORFs. is.mainly.based.on.the.phastCons.conservation.score,.a.measure.for.DNA. 1854"
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conservation..This.leads.to.the.arbitrary.peaks.at.certain.coding.probability.scores.as.a.lot. 1855"
of. those. sORFs. still. have. high. phastCons. scores,.mostly. based. on. alignments. not. under. 1856"
investigation..When.a.cut&off.is.placed.on.the.minimal.number.of.sequence.alignments.that. 1857"
have. to. be. present. for. coding. probability. interpretation,. these. peaks. tend. to. disappear. 1858"
completely.and.only.those.sORFs.remain.for.which.DNA.as.well.as.AA.conservation.can.be. 1859"
thoroughly.assessed.. (A).Histogram.of. the.coding.probability. for.all. sORFs.as.based.upon. 1860"
SVMlight.. (B).Histogram.of.the.coding.probability.for.all.sORFs.having.at. least.1.alignment. 1861"
within.the.8.species.under. investigation.. (C).Histogram.of.coding.probability. for.all.sORFs. 1862"
having.at.least.2.alignments..(D).Histogram.of.coding.probability.for.all.sORFs.with.at.least. 1863"
3.alignments.. 1864"
. 1865"
Distinct+peaks+of+prediction+scores+can+be+observed+solely+based+on+the+phastCons+score+ 1866"
(see+Figure+4.8A).+These+scoring+peaks+can+be+filtered+out+by+setting+a+threshold+on+the+ 1867"
minimum+number+of+sequences+present+in+the+multiAspecies+alignment+(see+Figure+4.8BA 1868"
D).+This+can+be+explained+by+high+DNA+conservation+in+species+not+included+in+our+study+ 1869"
(such+as+zebrafish)+or+just+high+DNA+conservation+not+preserved+on+the+AA+level.+Another+ 1870"
reason+could+be+the+ incompleteness+of+ the+multiAspecies+alignment+ itself.+Furthermore+ 1871"
false+negatives+due+to+highly+divergent+or+quickly+diverging+sORFs+cannot+be+ruled+out.+ 1872"
Addressing+these+limitations+extends+well+beyond+the+scope+of+this+paper.+For+the+time+ 1873"
being+it+merely+limits+the+power+of+the+in.silico+prediction+strategy+leading+to+an+underesA 1874"
timation+of+putatively+coding+sORFs.+ 1875"
Ribosome+profiling,+an+experimental+approach+to+monitor+in.vivo+translation+by+estimatA 1876"
ing+the+rate+of+protein+synthesis+from+the+density+of+ribosome+footprints+cannot+be+proA 1877"
posed+as+a+foolAproof+method+to+distinguish+between+coding+and+nonAcoding+transcripts.+ 1878"
For+example,+the+ncRNA+H19+shows+ribosomal+occupancy+and+hence+also+ribosome+proA 1879"
files,+but+ is+nonetheless+a+nonAcoding+sequence+(Cai+and+Cullen,+2007).+ In+addition,+one+ 1880"
has+ to+ keep+ in+mind+ that+ spurious+association+of+ ribosomes+ could+ lead+ to+ translational+ 1881"
noise+and+as+such+most+of+the+transcripts+suggested+to+encode+small+peptides+seem+to+ 1882"
lack+conservation+of+their+proposed+coding+regions+(Guttman+and+Rinn,+2012).+Recently,+ 1883"
Guttmann+et. al.+ proposed+ a+ new+metric+ to+ distinguish+between+proteinAcoding+ and+ all+ 1884"
classes+of+nonAcoding+transcripts+showing+ribosome+occupancy+(Guttman+et+al.,+2013).+ 1885"
On+ the+ other+ hand,+ the+ ribosome+ profiling+ technique+ greatly+ outperforms+mass+ specA 1886"
trometry,+ the+ commonly+ applied+ technique+ for+ protein+ product+ identification,+with+ reA 1887"
gard+to+dynamic+range+and+comprehensiveness.+Presumably,+coding+sORFs+are+translatA 1888"
ed+at+ low+ levels+ (Kondo+et+al.,+2010),+ thus+making+these+properties+very+ important.Our+ 1889"
combinatorial+pipeline,+as+outlined+in+the+workflow+(see+Figure+4.1),+overcomes+most+of+ 1890"
these+aforementioned+shortcomings.+We+do+not+merely+identify+in.silico+predicted+sORFs+ 1891"
with+high+ conservation,+ prone+ to+ false+positives,+ or+ sORFs+with+ translational+ evidence,+ 1892"
for+which+it+is+sometimes+hard+to+differentiate+between+true+coding+and+nonAcoding.+The+ 1893"
identification+ is+ based+ on+ a+ combination+ of+ both+ measures.+ Hence,+ the+ putative+ miA 1894"
66! Part"2:"In!Silico!Prediction"
"
cropeptideAencoding+sORFs+identified+in+this+report+are+very+good+candidates+for+further+ 1895"
in.vitro+and+in.vivo+research+as+they+show+high+conservation+at+both+DNA+and+(more+imA 1896"
portantly)+AA+level+ in+different+mammalian+species,+as+well+as+translation+measured+by+ 1897"
ribosomal+occupancy.. 1898"
Our+analysis+is+certainly+no+endpoint.+As+already+mentioned,+known+micropeptides+have+ 1899"
a+very+narrow+expression+window+(Hashimoto+et+al.,+2008;+Kondo+et+al.,+2010).+Also,+the+ 1900"
fact+that+we+only+used+one+cell+type+(feederAfree+cultured+E14+mESC)+in+the+overlap+with+ 1901"
our+in.silico+prediction,+means+that+presumably+only+a+small+segment+of+putatively+coding+ 1902"
sORFs+has+been+identified.+This+tissue+and+developmental+stage+specific+expression+(that+ 1903"
recently+ was+ shown+ to+ be+ very+ notable+ within+ the+ ENCODE+ project+ (Bernstein+ et+ al.,+ 1904"
2012))+leaves+a+lot+of+sORFs+yet+to+be+identified.+The+more+additional+ribosome+profiling+ 1905"
data+will+be+available+in+the+future,+the+more+sORFs+will+be+picked+up+as+interesting+startA 1906"
ing+points+for+further+analysis,+after+overlap+with+our+prediction+information.++ 1907"
Next+to+the+advent+of+more+experimental+data,+the+ in.silico.analysis+can+also+further+imA 1908"
prove+ in+ the+ future.+ Taking+ into+ account+ the+ computational+ load+ to+ identify+ all+ sORFs+ 1909"
with+an+initiator+methionine+in+the+Mus.musculus+genome,+it+would+be+almost+impossible+ 1910"
to+perform+a+genomeAwide+ in.silico+ scan+for+all+nearAcognate+sORFs.+Following+another+ 1911"
workflow,+whereby+we+ first+ search+ for+ all+ sORFs+ showing+ translation+ evidence+ in+ riboA 1912"
some+profiling+studies,+and+afterwards+perform+the+in.silico+analysis+on+these+candidates+ 1913"
could+be+an+appropriate+alternative.+ 1914"
+ 1915"
 Conclusion$4.6" 1916"
Our+combined+genomeAwide+approach+towards+the+identification+of+sORFs+in+Mus.mus& 1917"
culus,+leads+to+the+prediction+of+a+comprehensive+but+manageable+set+of+putatively+codA 1918"
ing+sORFs.+In+this+respect,+our+study+is+a+very+important+first+step+towards+the+identificaA 1919"
tion+ of+ a+ new+ class+ of+ bioactive+ peptides,+ called+micropeptides.+ Starting+ from+ the+ deA 1920"
scribed+ results,+ further+ in. vivo+ experiments+ (mass+ spectromic+ validation+ and+ genetic+ 1921"
experiments)+ should+ be+ carried+ out,+ testing+ activity+ and+ functionality+ of+ the+ identified+ 1922"
peptide+products.+ 1923"
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 Abstract$5.1" 1959"
An+increasing+amount+of+studies+integrate+mRNA+sequencing+data+into+MSAbased+proteA 1960"
omics+ to+ complement+ the+ translation+ product+ search+ space.+However,+ several+ factors,+ 1961"
including+extensive+regulation+of+mRNA+translation+and+the+need+for+threeA+or+sixAframeA 1962"
translation,+ impede+ the+ use+ of+ mRNAAseq+ data+ for+ the+ construction+ of+ a+ protein+ seA 1963"
quence+ search+ database.+With+ that+ in+mind,+we+ developed+ the+ PROTEOFORMER+ tool+ 1964"
that+automatically+processes+data+of+the+recently+developed+ribosome+profiling+method+ 1965"
(sequencing+of+ribosomeAprotected+mRNA+fragments),+resulting+in+genomeAwide+visualA 1966"
ization+of+ ribosome+occupancy.+Our+ tool+ also+ includes+a+ translation+ initiation+ site+ (TIS)+ 1967"
calling+algorithm+allowing+the+delineation+of+the+open+reading+frames+(ORFs)+of+all+transA 1968"
lation+ products.+ A+ complete+ protein+ synthesisAbased+ sequence+ database+ can+ thus+ be+ 1969"
compiled+for+mass+spectrometry+based+identification.+This+approach+increases+the+overA 1970"
all+protein+ identification+ rates+with+3%+and+11%+(improved+and+new+ identifications)+ for+ 1971"
human+ and+mouse+ respectively+ and+ enables+ proteomeAwide+ detection+ of+ 5’Aextended+ 1972"
proteoforms,+upstream+ORF+(uORF)+translation+and+nearAcognate+translation+start+sites.+ 1973"
The+ PROTEOFORMER+ tool+ is+ available+ as+ a+ standAalone+ pipeline+ and+ has+ been+ impleA 1974"
mented+in+the+galaxy+framework+for+ease+of+use.+ 1975"
+ 1976"
 Introduction$5.2" 1977"
The+integration+of+nextAgeneration+transcriptome+sequencing+and+highly+sensitive+mass+ 1978"
spectrometry+(MS)+has+emerged+as+a+powerful+strategy+for+the+fast+and+comprehensive+ 1979"
profiling+ of+ mammalian+ proteomes+ (Nagaraj+ et+ al.,+ 2011).+ Protein+ sequence+ database+ 1980"
search+ tools+ (Nesvizhskii+ et+al.,+ 2007)+ typically+use+publicly+available+protein+databases+ 1981"
such+as+SwissAProt+and+Ensembl+to+match+MS+spectra+to+peptides.+Because+these+referA 1982"
ence+databases+only+contain+experimentally+verified+and/or+predicted+protein+sequences,+ 1983"
it+ is+very+unlikely+ that+ they+give+a+comprehensive+assessment+of+ the+expressed+protein+ 1984"
pool+ of+ a+ given+ sample.+ Translation+ product+ prediction+ based+ on+messenger+ RNA+ seA 1985"
quencing+ (mRNAAseq)+data+gives+a+more+ representative+state+of+ the+protein+ repertoire+ 1986"
expressed+and+aids+ the+protein+ identification+process+by+eliminating+unexpressed+gene+ 1987"
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products+from+the+search+space+(Wang+et+al.,+2012).+On+top+of+that,+transcript+data+addiA 1988"
tionally+ provides+ sequence+ variation+ information,+ such+ as+ single+ nucleotide+ polymorA 1989"
phisms+ (SNPs)+ and+ RNAAsplice+ and+ editing+ variants+ (Sheynkman+ et+ al.,+ 2014),+ which+ 1990"
improve+the+chances+of+ identifying+novel+protein+forms+(Djebali+et+al.,+2012;+Low+et+al.,+ 1991"
2013).++ 1992"
Despite+the+benefits+of+adding+mRNAAseq+ information+to+proteomics+experiments,+this+ 1993"
approach+has+some+shortcomings.+First,+mRNA+levels+are+not+a+perfect+proxy+for+protein+ 1994"
expression+ levels+ since+ the+ translation+ of+ mRNA+ is+ subject+ to+ extensive+ regulation+ 1995"
(Sonenberg+and+Hinnebusch,+2007).+Furthermore,+ there+are+several+ factors,+ such+as+ inA 1996"
ternal+ribosome+entry+sites,+nonAAUG+start+codons+and+nonsense+readAthrough+(Ingolia+ 1997"
et+ al.,+ 2011)+ that+ hinder+ the+prediction+of+ the+ exact+ protein+product(s)+ translated+ from+ 1998"
the+transcript+sequence.+Also,+inclusion+of+mRNAAseq+information+requires+threeA+or+sixA 1999"
frameAtranslation+of+ the+derived+sequences,+dramatically+expanding+the+protein+search+ 2000"
space+ and+ hence+ decreasing+ the+ search+ sensitivity+ and+ specificity+ (Degroeve+ and+MarA 2001"
tens,+2013).++ 2002"
Recently+ a+ new+ strategy,+ termed+ ribosome+ profiling+ (RIBOAseq),+ was+ introduced+ that+ 2003"
overcomes+ these+ shortcomings+ (Ingolia+ et+ al.,+ 2009;+ 2011).+ By+ using+ the+ property+ of+ 2004"
translating+ribosomes+to+protect+mRNA+fragments+from+nuclease+digestion+it+is+possible+ 2005"
to+directly+monitor+ the+ in.vivo+ synthesis+of+mRNAAencoded+translation+products+measA 2006"
ured+at+the+genomeAwide+level+(Lee+et+al.,+2012).+In+contrast+to+polysome+profiling,+often+ 2007"
used+for+analyzing+gene+expression,+RIBOAseq+enables+delineation+of+the+genomic+posiA 2008"
tions+of+translating+ribosomes+with+subAcodon+to+singleAnucleotide+precision+(Michel+and+ 2009"
Baranov,+2013).+Furthermore,+ (alternative)+translation+ initiation+sites+ (TIS)+can+be+accuA 2010"
rately+predicted+by+exploiting+the+abilities+of+antibiotics+such+as+harringtonine+(HARR)+or+ 2011"
lactimidomycin+ (LTM)+ that+ halt+ ribosomes+ at+ sites+ of+ translation.+ However,+ as+ some+ 2012"
noncoding+ transcripts+ show+ association+ with+ ribosomes+ (Guttman+ et+ al.,+ 2013),+ mass+ 2013"
spectrometry+assisted+validation+ is+ in+many+cases+still+ indispensable+ (SternAGinossar+et+ 2014"
al.,+2012).++ 2015"
The+presented+PROTEOFORMER+tool+processes+RIBOAseq+data+allowing+genomeAwide+ 2016"
visualization+of+protein+synthesis,+and+moreover+enables+ the+delineation+of+ in.vivo+proA 2017"
teoforms+(Smith+et+al.,+2013)+building+an+optimal+protein+sequence+search+database+for+ 2018"
peptide+ to+MS/MS+matching+ (Crappe+et+al.,+ 2013;+Koch+et+al.,+ 2014;+Menschaert+et+ al.,+ 2019"
2013;+Van+Damme+et+al.,+2014)+(Figure+1).+PROTEOFORMER+starts+with+the+mapping+of+ 2020"
ribosomeAprotected+ fragments+ (RPFs)+and+quality+control+of+ subsequent+alignments.+ It+ 2021"
further+ includes+modules+ for+ identification+of+ transcripts+undergoing+protein+ synthesis,+ 2022"
positions+of+translation+ initiation+with+subAcodon+specificity+and+single+nucleotide+polyA 2023"
morphisms+(SNPs).+We+used+PROTEOFORMER+to+create+protein+sequence+search+dataA 2024"
bases+from+publicly+available+mouse+(Ingolia+et+al.,+2011)+and+inAhouse+performed+human+ 2025"
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RIBOAseq+experiments+and+evaluated+these+with+matching+proteomics+data.+We+demonA 2026"
strate+that+this+approach+results+in+an+increase+of+the+number+of+protein/peptide+identifiA 2027"
cations,+ leads+to+the+identification+of+novel+protein+forms+and+aids+ in+the+reAannotation+ 2028"
of+the+genome.++ 2029"
+ 2030"
 Material$and$Methods$5.3" 2031"
5.3.1! PROTEOFORMER!pipeline! 2032"
The+ PROTEOFORMER+ pipeline& (See+ Figure+ 5.1)+ is+ made+ up+ of+ six+ major+ steps:+ i)+ the+ 2033"
alignment+ of+ the+ RPF+ reads+ to+ a+ reference+ genome,+ ii)+ a+ quality+ control+ of+ the+ alignA 2034"
ments,+ iii)+ assignment+ of+ transcripts+ with+ evidence+ of+ translation,+ iv)+ identification+ of+ 2035"
translation+initiation+sites,+v)+inclusion+of+SNP+information+and+vi)+finally+generation+of+a+ 2036"
RIBOAseq+derived+ translation+product+database+ that+ can+be+used+as+a+ search+ space+ for+ 2037"
MSAbased+proteomics+studies,+either+ independently+or+combined+with+a+canonical+proA 2038"
tein+database.+All+input+parameters+for+the+different+steps+of+the+PROTEOFORMER+pipeA 2039"
line+are+userAdefinable+in+order+to+allow+research+specific+optimization.+A+more+detailed+ 2040"
description+of+ the+parameter+ settings+ is+available+via+ the+ readme+ file+and+website+ (See+ 2041"
Appendix+file+5.1+and+http://www.biobix.be/proteoformer).++ 2042"
Step &1 : &Sequence &p rocess ing &and &a l ignment & 2043"
+For+ the+mouse+ and+ human+ sequences+ we+ use+ respectively+ the+ Ensembl+ (Flicek+ et+ al.,+ 2044"
2012)+release+72+and+70+genome+annotation+(assembly+GRCm38+and+GRCh37)+from+the+ 2045"
iGenome+ repository+ (http://support.illumina.com/sequencing/sequencing_+ 2046"
software/igenome.ilmn).++ 2047"
RIBOAseq+ derived+ reads+ can+ be+ aligned+ using+ both+ a+ STAR+ (Dobin+ et+ al.,+ 2013)+ 2048"
(2.3.0e_r291)+ or+ TopHat2+ (Kim+ et+ al.,+ 2013)+ (v2.0.9)+ based+ pipeline.+ + The+ STARAbased+ 2049"
workflow+ sequentially+ aligns+ the+ reads+ to+STAR+ indices+ composed+of+ the+ following+ seA 2050"
quences:+ i)+ the+ PhiX+ bacteriophage+ genome,+ ii)+Mus. musculus+ or+Homo. sapiens+ rRNA+ 2051"
(obtained+using+BioMart,+filtered+on+Mt_rRNA+and+rRNA+gene+types)+and+iii)+Mus.muscu& 2052"
lus+or+Homo.sapiens+ complete+genome+ (obtained+ from+the+corresponding+ iGenome+reA 2053"
pository).++ 2054"
+ 2055
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Figure'5.1'PROTEOFORMER. integrates.RIBO&seq.and.MS.data..This. schematic.overview. 2077"
presents.the.different.steps.in.the.PROTEOFORMER.workflow.together.with.the.used.tools. 2078"
and.file. formats..The.reads.produced.by.a. ribosome.profiling.experiment.are. first.checked. 2079"
for. their.quality.and.subsequently.mapped.to.the.appropriate.genome,.using.the.STAR.or. 2080"
TopHat. transcriptome.mapper. and. different. species&specific. annotation. sources.. Next,. a. 2081"
SNP. calling. and. a. TIS. prediction. step. are. performed. in. order. to. accurately. delineate. the. 2082"
proteoforms.. These. RIBO&seq&derived. proteoforms. are. then. translated. and.mapped. to. a. 2083"
public. protein. database,. creating. a. custom. search. space. for. an.MS&based. proteomics. or. 2084"
peptidomics.experiment..This.protein.sequence.database.created.by.PROTEOFORMER.can. 2085"
then.be.used.as.a. search. space. together.with. the.SearchGUI.and.PeptideShaker. tools. to. 2086"
identify.proteoforms.based.on.MS/MS.spectra..The.complete.process.of.transforming.RIBO& 2087"
seq.data. into.a.custom.search.space. is.available.as.a.stand&alone.or.Galaxy. instance. im& 2088"
plementation." 2089"
The+STAR+internal+clipping+function+is+used+to+clip+the+3’+adaptor,+up+to+two+mismatches+ 2090"
are+allowed+for+the+alignment,+the+option+seedSearchStartLmaxOverLread+ is+set+to+0.5+ 2091"
and+ no+ introns+ are+ allowed+ for+ the+ alignment+ against+ the+ PhiX+ genome.+ The+ TopHat+ 2092"
based+workflow+uses+Bowtie+ (v2.1.0)+ to+ sequentially+ align+ sequencing+ reads+ to+Bowtie+ 2093"
indices+composed+of+the+PhiX+bacteriophage+and+the+rRNA+sequences+(see+above)+using+ 2094"
the+ ‘sensitiveAlocal’+ option,+ whereas+ TopHat+ itself+ is+ used+ for+ the+ complete+ genome+ 2095"
alignment+using+default+settings+except+for+‘segmentAlength’+that+is+set+to+15.++ 2096"
Since+ TopHat+ does+ not+ have+ an+ internal+ clipping+ functionality,+ the+ clipper+ from+ the+ 2097"
FASTX+Toolkit+(0.0.13)+is+used+to+clip+the+3’+adaptor+sequence+prior+to+mapping.+For+the+ 2098"
RPF+distribution+plots+and+quality+controls,+only+uniquely+mapped+reads+are+accounted+ 2099"
for+whereas+ for+ the+ custom+DB+ creation+multiAmapping+ reads+ (up+ to+ 15+ locations)+ are+ 2100"
additionally+considered.+Only+reads+with+a+length+between+26+and+34+bases+(i.e.+relevant+ 2101"
RPFs)+ are+ retained+ for+ further+ genomic+ coordinate+ mapping.+ RPF+ alignments+ are+ asA 2102"
signed+to+the+current+ribosomal+PAsite,+based+on+the+length+of+the+fragment.+The+offset+ 2103"
from+ the+ 5’+ end+ of+ the+ alignment+ is+ +12,+ +13+ and+ +14+ respectively+ for+ alignments+ ≤30+ 2104"
bases+long,+31–33+bases+long,+or+≥34+bases+long+(Ingolia+et+al.,+2011).++ 2105"
The+alignment+and+RPF+density+information+are+returned+as+output+by+PROTEOFORMER+ 2106"
(BedGraph+format)+making+it+easy+to+upload+and+visually+evaluate+the+data+in+a+genome+ 2107"
browser+environment+of+choice+(Michel+et+al.,+2013).+ 2108"
Step &2 : &Qua l i ty & cont ro l & & 2109"
& 2110"
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Metagenic&functional&classification&& 2111"
As+ a+ first+ quality+ assessment,+ the+ obtained+ ribosomal+ footprints+ are+ classified+ using+ a+ 2112"
speciesAspecific+Ensembl+annotation+bundle+(converted+to+SQLite+format).+First,+a+metaA 2113"
genic+functional+annotation+of+the+uniquely+mapped+footprints+ is+determined+using+the+ 2114"
Ensembl+ annotation+ of+ all+ transcripts.+ Here,+ translation+ associated+ annotation+ (i.e.+ 2115"
5’UTR,+exon,+intron+or+3’UTR)+is+only+defined+for+transcripts+with+a+‘proteinAcoding’+bioA 2116"
type.+The+RPFs+not+assigned+to+proteinAcoding+transcripts+are+assigned+to+non+proteinA 2117"
coding+transcripts+(i.e.+‘other+biotypes’).+The+remaining+unassigned+footprints+are+classiA 2118"
fied+ as+ ‘intergenic’.+ The+ resulting+ classification+ counts+ are+ available+ in+ a+ tabAseparated+ 2119"
table+and+summarized+as+a+pie+chart+(Figure+5.2A).+For+the+ribosome+footprints+classified+ 2120"
as+‘other+biotypes’,+a+second+table+and+accompanying+pie+chart+is+created,+depicting+the+ 2121"
biotype+distribution+of+these+footprints+(Figure+5.2B).++ 2122"
2123"
Figure' 5.2. Metagenic. functional. classification. of. the. uniquely.mapped. RIBO&seq. profiles. 2124"
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deduced.from.the.ribosome.protected.fragments.(RPFs).of.mouse.elongating.ribosomes..A. 2125"
first.quality.control.classifies.the.obtained.ribosome.footprints.using.Ensembl.gene.annota& 2126"
tions..(A).Pie.chart.representation.of.the.percentage.of.RPFs.that.align.to.exonic,.UTR.and. 2127"
intronic. regions. of. protein&coding. transcripts.. RPFs. that. could. not. be. classified. in. one. of. 2128"
these.protein&coding.transcripts,.were.assigned.to.non&protein&coding.transcripts.(i.e..‘other. 2129"
biotypes’).where.possible,.otherwise.these.are.classified.as.intergenic..(B).Pie.chart.depict& 2130"
ing.the.biotype.distribution.of.the.ribosome.footprints.classified.as.‘other.biotypes’.in.chart. 2131"
(A)..Corresponding.pie.charts. for. the.mapped.RPFs.of.mouse. initiating. ribosomes.and.hu& 2132"
man.initiating.and.elongating.RPFs.can.be.found.in.Appendix.file.5.2.. 2133"
Gene&distribution&& 2134"
The+ quality+ is+ also+ assessed+ by+ determining+ the+ uniquely+mapped+ ribosomal+ footprint+ 2135"
counts+per+gene+(using+available+Ensembl+annotation).+In+total,+three+summarizing+plots+ 2136"
are+available:+ i)+a+gene+abundance+plot+ranging+from+the+highest+to+the+ lowest+covered+ 2137"
genes,. ii)+ a+ cumulative+ gene+ distribution+ plot+ ranging+ from+ the+ highest+ to+ the+ lowest+ 2138"
covered+genes,+and+ iii)+a+gene+density+plot+ (for+more+details,+ see+Figure+5.3).+These+ reA 2139"
sults+are+also+stored+as+tabular+files.+ 2140"
2141"
Figure' 5.3'Gene. distributions. of. the. ribosomal. footprint. count. per. gene. for. the. uniquely. 2142"
mapped. RIBO&seq. profiles. deduced. from. the. RPFs. of. mouse. elongating. ribosomes.. (A). 2143"
Ranked.gene.abundance.plot.ranging.from.the.most.to.the.least.covered.genes..(B).Cumu& 2144"
lative. gene. distribution. plot. ranging. from. the.most. to. the. least. covered. genes.. (C). Gene. 2145"
density.plot..Corresponding.figures.for.the.ribosomal.footprint.count.of.mouse.initiating.and. 2146"
human.elongating.and.initiating.ribosomes.can.be.found.in.Appendix.File.5.3.+ 2147"
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Step &3 : &T ransc r ip t & ca l l ing &based &on &e longat ing & r ibo L 2148"
some &coverage & 2149"
Profiles+of+ribosomal+footprints+along+a+transcript+are+obtained+by+summing+the+number+ 2150"
of+footprints+assigned+to+each+genomic+position+of+the+coding+sequence+(CDS).+The+CDS+ 2151"
of+each+known+transcript+is+assembled+using+a+speciesAspecific+Ensembl+annotation+bunA 2152"
dle+(converted+to+SQLite+format).+For+nonAproteinAcoding+transcripts,+the+CDS+is+defined+ 2153"
as+the+full+exonic+region+of+that+specific+transcript.+For+proteinAcoding+transcripts,+UTRA 2154"
information+is+available,+allowing+us+to+determine+the+start+and+stop+codons+and+to+deA 2155"
fine+the+CDS+as+the+exonic+region+between+these+two+codons.++ 2156"
To+ remove+ variability+ in+ ribosomal+ footprint+ density+ due+ to+ RPF+ accumulation+ at+ start+ 2157"
and+stop+codons+(Dunn+et+al.,+2013;+ Ingolia+et+al.,+2011),+we+additionally+restrict+the+reA 2158"
gion+where+RPFs+are+counted+by+excluding+the+15+nucleotides+following+each+start+codon+ 2159"
and+15+nucleotides+preceding+each+stop+codon.+For+each+transcript,+the+ribosomal+footA 2160"
print+count+is+normalized+based+on+the+CDS+length+for+which+RPFs+are+taken+into+account+ 2161"
(total+CDS+length+A+30+bps).+In+order+to+identify+the+actual+translated+transcript+isoforms,+ 2162"
we+ examine+ the+ normalized+ footprint+ coverage+ of+ each+ of+ their+ exons.+ A+ transcript+ is+ 2163"
denoted+as+ truly+ translated+ if+at+ least+85%+of+ its+exons+have+a+coverage+higher+ than+or+ 2164"
equal+ to+ a+ predetermined+ threshold.+ This+ transcriptAspecific+ threshold+ was+ set+ at+ an+ 2165"
intuitive+and+robust+value,+namely+its+mean+exonic+footprint+coverage+divided+by+5.+This+ 2166"
excludes+nonAtranslated+transcripts+isoforms+as+well+as+allows+(to+some+extent)+possible+ 2167"
variability+ in+ the+ ribosomal+ footprint+ density+ of+ real+ translated+ transcripts.+ Only+ tranA 2168"
scripts+that+hold+a+fairly+uniform+footprint+density+throughout+their+CDS+are+subsequentA 2169"
ly+classified+as+truly+translated.++ 2170"
Step &4 : &T rans la t ion & in i t i a t ion & s i te & (T IS ) & ca l l i ng & & 2171"
The+mapped+profiles+from+the+initiating+ribosomes,+obtained+after+harringtonine+(HARR)+ 2172"
or+lactimidomycin+(LTM)+treatment,+are+accumulated+at+AUG+or+nearAcognate+start+coA 2173"
dons+using+a++/A+1+nt+window,+hence+tackling+the+subAcodon+resolution+ issue+ (Ingolia+et+ 2174"
al.,+2011;+Lee+et+al.,+2012).+Profiles+ that+do+not+map+within+ this+window+ relative+ to+ the+ 2175"
first+ position+ of+ a+ start+ codon+ are+ disregarded+ during+ TIS+ calling.+ These+ accumulated+ 2176"
peak+positions+have+to+comply+with+a+number+of+criteria+in+order+to+be+withheld+as+a+true+ 2177"
translation+ start+ site+ (Lee+ et+ al.,+ 2012):+ i)+ the+ identified+ TIS+ should+ have+ the+ maximal+ 2178"
number+of+ reads+ (HARR+and/or+LTM)+within+a+window+of+ 7+nucleotides+ (i.e.+one+codon+ 2179"
upA+and+downstream),+ ii)+ the+combined+number+of+ribosome+profiles+for+the+TIS+should+ 2180"
exceed+ a+ minimal+ profile+ count+ threshold+ and+ iii)+ the+ TIS+ should+ have+ a+!!"#/!"## − 2181"!!"# +value+equal+or+higher+than+a+certain+threshold,+where++ 2182"
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We+ opted+ for+ a+ categorized+ approach+ based+ on+ TIS+ localization;+ 5'UTR,+ aTIS,+ coding+ 2183"
sequence+ (CDS),+ 3'UTR+ and+ no+ translation+ (TIS+within+ nonAproteinAcoding+ transcripts).+ 2184"
aTIS+that+do+not+comply+with+the+aforementioned+criteria+are+also+taken+into+account+if+ 2185"
the+Ensembl+transcript+showes+elongating+ribosome+occupancy.+Hence,+aTIS+identificaA 2186"
tions+ are+ further+ divided+ in+ 3+ subcategories;+ i)+ those+ demonstrating+ accumulated+ TIS+ 2187"
LTM/HARR+coverage+and+compliant+with+all+rules+(TRUE),+ ii)+those+having+accumulated+ 2188"
TIS+LTM/HARR+coverage,+but+not+compliant+with+all+rules+(FALSE)+and+iii)+those+without+ 2189"
accumulated+TIS+LTM/HARR+coverage+(NO+DATA).+TIS+in+the+other+four+categories+that+ 2190"
do+not+comply+with+these+rules+are+discarded.++ 2191"
Step &5 : &SNP &ca l l ing & 2192"
Variants+are+extracted+from+the+mapped+RIBOAseq+reads+using+SAMtools+(Li+et+al.,+2009)+ 2193"
(v.0.1.19)+ and+ by+ comparing+ the+ read+ mismatches+ to+ the+ NCBI+ dbSNP+ (Sherry+ et+ al.,+ 2194"
2001)+data+(build+137).+The+Picard+toolkit+(v.1.102:+http://picard.sourceforge.net)+is+used+ 2195"
to+remove+duplicates.+Next,+the+variants+are+extracted+using+SAMtools+mpileup+coupled+ 2196"
to+BCFtools+ and+ the+vcfutils.pl+ tool+ (both+part+of+ the+SAMtools+ toolkit).+To+ reduce+ the+ 2197"
chances+ of+ missing+ variants+ with+ SAMtools,+ we+ also+ compare+ every+ mismatch+ in+ the+ 2198"
mapped+reads+to+the+variants+in+dbSNP+and+any+mismatch+found+in+dbSNP+is+retained+in+ 2199"
the+final+set+of+variants.+To+keep+the+size+of+the+search+database+manageable,+the+numA 2200"
ber+of+dbSNPAmatched+mismatches+is+calculated+per+transcript+(based+on+Ensembl+annoA 2201"
tation+release+72+and+70+for+mouse+and+human+respectively)+and+whenever+this+number+is+ 2202"
higher+than+five,+the+mismatches+in+this+transcript+are+removed+from+the+final+variant+list.& 2203"
Step &6 : &T rans la t ion &assembly & 2204"
Fast+ assembly+ of+ the+ translated+ sequences+ is+made+possible+ by+ a+ binary+ reading+ techA 2205"
nique;+fetching+the+CDS+exon+sequences+from+the+corresponding+chromosome+sequence+ 2206"
files+ (available+ from+ the+ iGenome+ repository).+ The+ aforementioned+ proteoform+ inforA 2207"
mation+ (transcript+ isoform,+ TIS,+ SNP)+ is+ translated+ into+ the+ resulting+ amino+ acid+ seA 2208"
quence.+Noteworthy+is+that+only+information+on+nonAsynonymous+variations+is+presentA 2209"
ed+in+the+translation+product+description.+A+custom,+nonAredundant+translation+product+ 2210"
database+for+MS/MSAbased+protein/peptide+identification+is+generated+in+FASTA+format.+ 2211"
The+transcripts+can+be+mapped+to+a+known+canonical+protein+database+(e.g.+SwissAProt)+ 2212"
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either+ by+ using+ the+ Biomart+ framework+ (Kasprzyk,+ 2011)+ (ID+ based+ mapping)+ or+ by+ 2213"
BLAST+searching+(sequence+based+mapping).+& 2214"
Redundant+ sequences+ are+ eliminated+ based+ on+ the+ ranking+ of+ the+ annotations+ (in+ deA 2215"
creasing+order+of+likeliness+aTIS,+5’UTR,+CDS,+3’UTR,+no+translation).+If+two+or+more+tranA 2216"
script+IDs+have+the+same+sequence,+the+transcript+ID+with+the+most+plausible+annotation+ 2217"
is+retained.+If+SNP+information+is+included+and+two+transcripts+have+the+same+annotation+ 2218"
type+and+sequence,+then+the+transcript+with+SNP+information+is+retained.+If+two+or+more+ 2219"
sequences+satisfy+all+the+constraints+then+one+is+chosen+randomly.+All+subAsequences+(i.e.+ 2220"
sequences+ completely+ contained+ in+ another+ sequence)+ are+ also+ eliminated+ from+ the+ 2221"
database.+ 2222"
The+ IDAbased+mapping+ only+ considers+ those+ transcripts+with+ annotation+ types+ aTIS+ or+ 2223"
5'UTR+transcripts,+the+other+annotation+types+(CDS,+3’UTR,+no+translation)+are+mapped+ 2224"
by+BLAST+search.+The+IDAbased+mapping+option+simply+maps+a+given+Ensembl+transcript+ 2225"
ID+to+a+corresponding+canonical+ ID+using+the+Biomart+framework.+ + If+ two+or+more+tranA 2226"
scripts+ have+ the+ same+ sequence+ then+ the+ transcript+ with+ an+ existing+ canonical+ ID+ (BiA 2227"
omartAmapped)+is+retained.+If+two+or+more+transcripts+have+a+Biomart+mapping+then+one+ 2228"
with+a+higher+annotation+ranking+is+retained.+The+transcripts+without+any+preAmapped+ID+ 2229"
could+ then+ be+mapped+ by+ the+ sequence+ based+methods.+ In+ the+ sequence+ based+mapA 2230"
ping,+redundant+transcripts+are+removed+based+on+their+annotation+ranking+and+length.+ 2231"
If+ two+ transcripts+ have+ the+ same+ sequence+ then+ the+ one+with+ the+most+ highly+ ranked+ 2232"
annotation+ is+ retained+ and+ subsequently+ all+ subAsequences+ are+ removed.+ The+ nonA 2233"
redundant+sequences+can+then+be+mapped+to+known+canonical+proteins+by+performing+a+ 2234"
BLAST+search+against+the+canonical+protein+database+(e.g.+SwissAProt).& 2235"
PROTEOFORMER& imp lementat ion & 2236"
&All+ information+ on+ the+ different+ implementations+ of+ the+ PROTEOFORMER+method+ is+ 2237"
available+ via+ http://www.biobix.be/proteoformer.+ A+ scriptAbased+ (Perl+ 5)+ version+ and+ a+ 2238"
Galaxy+instance+implementation+are+made+available+for+download.+These+can+respectiveA 2239"
ly+be+deployed+on+a+Unix+system+and+implemented+on+a+Galaxy+instance+(Goecks+et+al.,+ 2240"
2010).+ Furthermore,+ a+ customized+ virtual+ machine+ (Ubuntu+ 12.04+ LTS)+ with+ all+ script+ 2241"
dependencies+and+a+Galaxy+ server+already+ installed+can+be+downloaded.+A+manual+deA 2242"
scribing+ the+ aforementioned+ implementations+ (including+ prerequisites+ and+ dependenA 2243"
cies)+is+made+available+on+the+website+and+as+Appendix+Files+5.1+and+5.4.++ 2244"
5.3.2! Experimental!procedures! 2245"
Ce l l & cu l tu re & fo r &p roteomics & 2246"
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For+proteome+analyses,+E14Tg2a+mESC+cells+(kindly+provided+by+Prof.+I.+Chambers,+UniA 2247"
versity+of+Edinburgh)+were+cultivated+as+described+previously+(Menschaert+et+al.,+2013).+ 2248"
HCT116+ cells+ (provided+ by+ the+ Johns+ Hopkins+ Sidney+ Kimmel+ Comprehensive+ Cancer+ 2249"
Center,+ Baltimore,+ USA)+ were+ cultivated+ in+ DMEM+ medium+ supplemented+ with+ 10%+ 2250"
fetal+bovine+serum+(HyClone,+Thermo+Fisher+Scientific+Inc.),+100+units/ml+penicillin+(GibA 2251"
co,+Life+Technologies)+and+100+µg/ml+streptomycin+(Gibco)+in+a+humidified+incubator+at+ 2252"
37°C+and+5%+CO2.+Prior+to+the+proteomics+experiments,+the+HCT116+cells+were+subjected+ 2253"
to+SILAC+ labeling+ (Ong+et+ al.,+ 2002)+ as+ part+ of+ another+ experiment+ that+ compares+ the+ 2254"
wild+type+HCT116+cells+to+a+double+knockout+line.++ 2255"
For+the+NAterminal+COFRADIC+analysis,+cells+were+transferred+to+media+containing+140+ 2256"
µM+heavy+ (13C6
15N4)+ LAarginine+ (Cambridge+ Isotope+ Labs,+ Andover,+MA,+USA).+ For+ the+ 2257"
shotgun+proteome+analysis,+cells+were+cultured+ in+medium+supplemented+with+140+µM+ 2258"
medium+heavy+(13C6)+LAarginine+and+800+µM+heavy+(
13C6)+LAlysine.+To+achieve+a+complete+ 2259"
incorporation+of+the+labeled+amino+acids,+cells+were+maintained+in+culture+for+at+ least+6+ 2260"
population+doublings.+ 2261"
Shotgun &p roteome &ana lys i s & 2262"
For+shotgun+proteome+analyses,+HCT116+and+mESC+E14+cells+were+lysed+by+3+rounds+of+ 2263"
freezeAthaw+lysis+in+50+mM+NH4HCO3+(pH+7.9).+Lysates+were+cleared+by+centrifugation+for+ 2264"
15+min+at+16,000+g.+Protein+concentrations+were+measured+using+ the+Protein+Assay+kit+ 2265"
(Biorad)+ according+ to+ the+ manufacturer’s+ instructions.+ To+ partially+ denature+ proteins,+ 2266"
guanidinium+hydrochloride+(final+concentration+0.5+M)+and+acetonitrile+(final+concentraA 2267"
tion+ 2%)+were+ added+ to+ the+ cleared+ protein+ extracts.+ 1+mg+ of+ the+ protein+ sample+was+ 2268"
digested+overnight+ at+ 37°C+using+ sequencingAgrade,+modified+ trypsin+ (Promega,+MadiA 2269"
son,+WI,+USA)+(enzyme/substrate+of+1/100+w/w).+Samples+were+acidified+with+acidic+acid+ 2270"
to+a+final+concentration+of+0.5%.+The+digest+was+vacuum+dried+and+the+equivalent+of+500+ 2271"
µg+of+the+original+protein+material+was+loaded+onto+a+RPAHPLC+column+for+fractionation+ 2272"
as+described+previously+(Staes+et+al.,+2008).++ 2273"
To+prevent+oxidation+of+methionines+between+RPAHPLC+runs,+methionines+were+oxidized+ 2274"
in+the+injector+compartment+by+transferring+20+μl+of+a+freshly+prepared+aqueous+3%+H2O2+ 2275"
solution+to+a+vial+containing+90+µl+of+the+acidified+peptide+mixture+(final+concentration+of+ 2276"
0.54%+H2O2).+This+reaction+proceeded+for+30+min+at+30°C.+For+chromatographic+separaA 2277"
tion+ 100+ µl+ peptide+mixture+was+ then+ immediately+ injected+ onto+ an+ RPAHPLC+ column+ 2278"
(Zorbax®+ 300SBAC18+ NarrowAbore,+ 2.1+ mm+ internal+ diameter+ ×+ 150+mm+ length,+ 5+ μm+ 2279"
particles,+Agilent).+Following+10+min+of+isocratic+pumping+with+solvent+A+(10+mM+ammoA 2280"
nium+acetate+ in+water/ACN+(98:2+v/v),+pH+5.5),+a+gradient+of+1%+solvent+B+ increase+per+ 2281"
minute+ (solvent+ B:+ 10+ mM+ ammonium+ acetate+ in+ ACN/water+ (70:30+ v/v),+ pH+ 5.5)+ was+ 2282"
started.++ 2283"
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The+column+was+then+run+at+100%+solvent+B+for+5+min,+switched+to+100%+solvent+A+and+ 2284"
reAequilibrated+for+20+min.+The+flow+was+kept+constant+at+80+μl/min+using+Agilent’s+1100+ 2285"
series+capillary+pump+with+the+100+μl/min+flow+controller.+Fractions+of+0.5+min+were+colA 2286"
lected+from+20+to+80+min+after+sample+injection+(120+fractions).+These+peptide+fractions+ 2287"
were+vacuum+dried+and+fractions+eluting+12+min+apart+were+pooled+by+reAdissolving+these+ 2288"
in+a+final+volume+of+40+µl+of+2+mM+TCEP+and+2%+acetonitrile,+similar+to+a+pooling+strategy+ 2289"
described+ previously+ (Staes+ et+ al.,+ 2008).+ In+ total,+ 24+ samples+ were+ analyzed+ by+ LCA 2290"
MS/MS.+ 2291"
NLtermina l &COFRADIC &ana lys i s & 2292"
For+NAterminal+COFRADIC+analyses,+HCT116+and+mESC+E14+cells+were+ lysed+ in+50+mM+ 2293"
HEPES+pH+7.4,+100+mM+NaCl+and+0.8%+CHAPS+containing+a+cocktail+of+protease+inhibiA 2294"
tors+(Roche)+for+10+min+on+ice+and+centrifuged+for+15+min+at+16,000+g+at+4°C+and+the+proA 2295"
tein+ samples+ subjected+ to+NAterminal+COFRADIC+as+described+by+Staes+et.al.+ (Staes+et+ 2296"
al.,+2011).+To+enable+the+assignment+of+in.vivo+NtAacetylation+events,+all+primary+protein+ 2297"
amines+were+ blocked+ using+ a+ (stable+ isotopic+ encoded)+NAhydroxysuccinimide+ ester+ at+ 2298"
the+protein+level+(i.e.+NHSA13C2D3Aacetate)+(Van+Damme+et+al.,+2009).+Per+proteome,+45+ 2299"
samples+were+analyzed+by+LCAMS/MS.& 2300"
LCLMS/MS &ana lys i s & 2301"
LCAMS/MS+analysis+was+performed+using+an+Ultimate+3000+RSLC+nano+LCAMS/MS+sysA 2302"
tem+(Dionex,+Amsterdam,+The+Netherlands)+inAline+connected+to+an+LTQ+Orbitrap+Velos+ 2303"
(Thermo+Fisher+Scientific,+Bremen,+Germany),+ for+ shotgun+samples,+or+a+LTQ+Orbitrap+ 2304"
XL+ mass+ spectrometer+ (Thermo+ Fisher+ Scientific,+ Bremen,+ Germany),+ for+ NAterminal+ 2305"
COFRADIC+samples.+2+µl+of+ the+sample+mixture+was+ first+ loaded+on+a+ trapping+column+ 2306"
(made+ inAhouse,+ 100+ µm+ internal+ diameter+ (I.D.)+ ×+ 20+mm+ length,+ 5+ µm+ Reprosil–Pur+ 2307"
BasicAC18AHD+beads,+Dr.+Maisch,+AmmerbuchAEntringen,+Germany).+After+backAflushing+ 2308"
from+the+trapping+column,+the+sample+was+loaded+on+a+reverseAphase+column+(made+inA 2309"
house,+75+µm+I.D.+×+150+mm+length,+3+µm+C18+Reprosil–Pur+BasicAC18AHD+beads).++ 2310"
Peptides+were+ loaded+with+ solvent+A’+ (0.1%+ trifluoroacetic+acid+ in+2%+acetonitrile)+and+ 2311"
were+separated+with+a+ linear+gradient+ from+98%+of+solvent+A’’+ (0.1%+formic+acid+ in+2%+ 2312"
acetonitrile)+ to+ 50%+ of+ solvent+ B’+ (0.1%+ formic+ acid+ in+ 80%+ acetonitrile)+ with+ a+ linear+ 2313"
gradient+of+1.8%+of+solvent+B’+increase+per+minute+at+a+flow+rate+of+300+nl/min,+followed+ 2314"
by+a+steep+increase+to+100%+of+solvent+B’.+The+Orbitrap+Velos+and+LTQ+Orbitrap+XL+mass+ 2315"
spectrometers+ were+ operated+ in+ dataAdependent+ mode,+ automatically+ switching+ beA 2316"
tween+MS+and+MS/MS+acquisition+for+the+ten+or+six+most+abundant+peaks+in+a+MS+specA 2317"
trum+respectively.+Mascot+Generic+Files+were+created+from+the+MS/MS+data+ in+each+LC+ 2318"
run+using+the+Distiller+software+(version+2.3.2.0).+ 2319"
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Ce l l & cu l tu re &and & sample &p reparat ion & fo r & r ibosome &p ro L 2320"
f i l i ng & 2321"
HCT116+ cells+were+ cultivated+ in+McCoy's+ 5A+ (Modified)+Medium+ (Gibco)+ supplemented+ 2322"
with+10%+fetal+bovine+serum,+2+mM+alanylALAglutamine+dipeptide+(GlutaMAX,+Gibco),+50+ 2323"
units/ml+ penicillin+ and+ 50+µg/ml+ steptamycin+ at+ 37°C+ and+ 5%+CO2.+ Cultures+ at+ 80A90%+ 2324"
confluence+were+treated+with+50+µM+LTM+or+100+µg/ml+CHX+(Sigma,+USA)+for+30+min+at+ 2325"
37°C.+Subsequently,+cells+were+washed+with+PBS,+harvested+by+trypsinAEDTA,+suspended+ 2326"
and+washed+again+with+PBS+and+recovered+by+5+min+of+centrifugation+at+1,500+×+g,+all+in+ 2327"
the+presence+of+CHX+to+maintain+the+polysomal+state.++ 2328"
Cell+pellets+were+resuspended+in+iceAcold+lysis+buffer,+formulated+according+to+Guo+et.al.+ 2329"
(Guo+et+al.,+2010)+(10+mM+TrisAHCl,+pH+7.4,+5+mM+MgCl2,+100+mM+KCl,+1%+Triton+XA100,+2+ 2330"
mM+dithiothreitol+(DTT),+100+mg/ml+CHX,+1+×+complete+and+EDTAAfree+protease+inhibiA 2331"
tor+cocktail+(Roche)),+at+a+concentration+of+40+×+106+cells/ml.+After+10+min+of+incubation+ 2332"
on+ ice+ with+ periodic+ agitation,+ lysed+ samples+ were+ passed+ through+ QIAshredder+ spin+ 2333"
columns+(Qiagen)+to+shear+the+DNA.+Subsequently,+the+flowAthroughs+were+centrifuged+ 2334"
for+10+min+at+16,000+×+g+and+4°C.+The+recovered+supernatant+was+aliquoted,+snapAfrozen+ 2335"
in+ liquid+nitrogen+and+ stored+at+ A80°C+ for+ subsequent+ ribosome+ footprint+ recovery+and+ 2336"
cDNA+library+generation.& 2337"
Ribosome &p ro f i l i ng & (R IBOLseq ) & 2338"
The+RIBOAseq+of+the+HCT116+cells+was+executed+as+follows.+100+µl+of+the+clarified+HCT116+ 2339"
cell+ lysate+(equivalent+to+4+×+106+cells)+was+used+as+input+for+ribosome+footprinting.+The+ 2340"
A260+absorbance+of+the+lysate+was+measured+with+Nanodrop+(Thermo+Scientific)+and+for+ 2341"
each+A260,+ 5+units+of+ARTseq+Nuclease+ (Epd+ icentre)+were+added+ to+ the+ samples.+The+ 2342"
nuclease+digestion+proceeded+for+45+min+at+room+temperature+and+was+stopped+by+addA 2343"
ing+ SUPERase.In+ Rnase+ Inhibitor+ (Life+ Technologies).+ Next,+ the+ ribosome+ protected+ 2344"
fragments+ (RPFs)+ were+ isolated+ using+ Sephacryl+ S400+ spin+ columns+ (GE+ Healthcare)+ 2345"
according+ to+ the+ procedure+ described+ in+ ‘ARTseq+Ribosome+Profiling+ Kit,+Mammalian’+ 2346"
(Epicentre).+The+RNA+was+extracted+from+the+samples+using+acid+125+phenol:24+chloroA 2347"
form:1+ isoamyl+ alcohol+ and+ precipitated+ overnight+ at+ A20°C+ by+ adding+ 2+ μl+ glycogen,+ 2348"
1/10th+ volume+of+ 5+M+ ammonium+acetate+ and+ 1.5+ volumes+ of+ 100%+ isopropyl+ alcohol.+ 2349"
After+centrifugation+at+18,840+×+g+and+4°C+for+20+min,+the+purified+RNA+pellet+was+resusA 2350"
pended+in+10+μl+nuclease+free+water.& 2351"
L ib ra ry &p reparat ion &and & sequenc ing & 2352"
The+HCT116&libraries+were+created+according+to+the+guidelines+described+in+the+ARTseq+ 2353"
RIBOAseq+Kit,+Mammalian+protocol+ (Epicentre).+The+RPFs+were+ initially+ rRNA+depleted+ 2354"
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using+ the+ RiboAZero+ Magnetic+ Kit+ (Human/Mouse/Rat,+ Epicentre),+ omitting+ the+ 50°C+ 2355"
incubation+step.+Cleanup+of+the+rRNA+depletion+reactions+was+performed+through+Zymo+ 2356"
RNA+Clean+&+ConcentratorA5+kit+(Zymo+Research)+using+200+μl+binding+buffer+and+450+μl+ 2357"
absolute+ ethanol.+ The+ samples+were+ separated+ on+ a+ 15%+ureaApolyacrylamide+ gel+ and+ 2358"
footprints+of+ 26+ to+ 34+nucleotides+ long+were+excised.+RNA+was+extracted+ from+ the+gel+ 2359"
and+precipitated.+The+pellet+was+ resuspended+ in+20+μl+nucleaseAfree+water.+Next,+RPFs+ 2360"
were+ end+ polished,+ 3’+ adaptor+ ligated,+ reverse+ transcribed+ and+ PAGE+ purified.+ 5+ μl+ of+ 2361"
circularized+template+DNA+was+used+in+the+PCR+reaction+and+amplification+proceeded+for+ 2362"
11+cycles.+The+libraries+were+purified+with+AMPure+XP+beads+(Beckman+Coulter)+and+their+ 2363"
quality+was+assessed+on+a+High+Sensitivity+DNA+assay+chip+ (Agilent+ technologies).+The+ 2364"
concentration+ of+ the+ libraries+ was+measured+with+ qPCR+ and+ they+ were+ single+ end+ seA 2365"
quenced+on+a+Hiseq+(Illumina)+for+50+cycles.++ 2366"
Raw+sequencing+reads+of+the+mESC+RIBOAseq+data+(Ingolia+et+al.,+2011)+were+downloadA 2367"
ed+ from+the+Gene+Expression+Omnibus+ (dataset+GSE30839).+All+ reads+ from+the+control+ 2368"
(cycloheximide+ treated,+also+ referred+ to+as+CHX+treated,+ sample+GSM765292)+and+harA 2369"
ringtonine+treated+(also+referred+to+as+HARR+treated,+sample+GSM765295)+were+used.++ 2370"
Data &ava i l ab i l i ty ! ! & 2371"
All+the+MS+data+were+converted+using+the+PRIDE+Converter+(Barsnes+et+al.,+2009)+and+are+ 2372"
available+through+the+PRIDE+database+(Martens+et+al.,+2005)+with+the+dataset+ identifier+ 2373"
PXD000304+and+DOI+10.6019/PXD000304+(for+HCT116+MS+experiments)+and+PXD000124+ 2374"
and+DOI+10.6019/PXD000124+(for+the+mESC+MS+experiments).+ 2375"
The+ mESC+ datasets+ are+ publicly+ available,+ while+ the+ HCT116+ datasets+ require+ a+ login+ 2376"
(http://www.ebi.ac.uk/pride/archive/login,+ PX+ reviewer+ account:+ username:+ reA 2377"
view48267,+password:+TTewpyNH).+ 2378"
The+RIBOAseq+libraries+have+been+deposited+in+NCBI’s+Gene+Expression+Omnibus+(Edgar+ 2379"
et+ al.,+ 2002)+ and+ are+ accessible+ through+ the+ GEO+ series+ accession+ number+ GSE58207+ 2380"
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58207).+ 2381"
5.3.3! MS!data!analysis! 2382"
Pept ide /p rote in & ident i f i ca t ion &and & in te rp retat ion & & 2383"
The+protein+and+peptide+ searches+were+performed+against+our+ speciesAspecific+ custom+ 2384"
database+ with+ X!+ Tandem+ Sledgehammer+ (2013.09.01.1)+ and+ OMSSA+ 2.1.9+ using+ the+ 2385"
SearchGui+(1.16.4)+tool+(Vaudel+et+al.,+2011).+For+the+shotgun+proteome+analyses,+methiA 2386"
onine+ oxidation+ to+methionineAsulfoxide,+ pyroglutamate+ formation+ of+ NAterminal+ gluA 2387"
tamine+and+acetylation+of+ the+NAterminus+were+ selected+as+variable+modifications.+For+ 2388"
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the+ HCT116+ samples,+ heavy+ labelled+ arginine+ (13C6)+ and+ lysine+ (
13C6)+ were+ additionally+ 2389"
selected+as+fixed+modifications.+Mass+tolerance+was+set+to+10+ppm+on+precursor+ions+and+ 2390"
to+0.5+Da+on+fragment+ions.+The+peptide+charge+was+set+to+2+,+3+,+4+.+Trypsin+was+selectA 2391"
ed+ as+ the+ cleavage+ enzyme+with+ one+missed+ cleavage+ allowed.+ Cleavage+ was+ also+ alA 2392"
lowed+when+arginine+or+lysine+was+followed+by+proline.+& 2393"
For+the+NAterminomics+experiment,+the+generated+MS/MS+peak+lists+were+searched+with+ 2394"
Mascot+(version+2.3)+(Mascot+is+compatible+with+the+endoproteinase+semiAArgAC/P+cleavA 2395"
age+setting,+see+below).+Mass+tolerance+on+precursor+ions+was+set+to+10+ppm+(with+MasA 2396"
cot’s+C13+option+set+to+1)+and+to+0.5+Da+on+fragment+ions.+The+peptide+charge+was+set+to+ 2397"
1+,+2+,+3++and+the+instrument+setting+to+ESIATRAP.+Methionine+oxidation+to+methionineA 2398"
sulfoxide,+13C2D3Aacetylation+on+lysines+and+carbamidomethylation+of+cysteine+were+set+ 2399"
as+ fixed+modifications.+ Variable+modifications+ were+ 13C2D3A+ acetylation,+ acetylation+ of+ 2400"
peptide+ NAtermini+ and+ pyroglutamate+ formation+ of+ NAterminal+ glutamine.+ + For+ the+ 2401"
HCT116+samples,+13C6
15N4+LAarg+was+additionally+set+as+fixed+modification.+EndoproteinA 2402"
ase+ semiAArgAC/P+ (ArgAC+ specificity+with+ arginineAproline+ cleavage+allowed)+was+ set+ as+ 2403"
enzyme+allowing+for+no+missed+cleavages.+ 2404"
Protein+ and+ peptide+ identification+ and+ data+ interpretation+ were+ done+ using+ the+ PepA 2405"
tideShaker+ algorithm+ (http://code.google.com/p/peptidePshaker,+ version+ 0.26.2),+ 2406"
setting+the+FDR+to+1%+at+all+levels+(peptideAtoAspectrum+matching,+peptide+and+protein).+ 2407"
Cor re la t ion &ana lys i s & 2408"
Only+the+transcripts+identified+based+on+SwissAProt+as+well+as+our+custom+RIBOAseq+deA 2409"
rived+ translation+products+database+were+used+ for+ the+ correlation+analysis.+QuantificaA 2410"
tion+of+ribosome+occupancy+was+measured+as+ribosomal+footprints+per+CDS+(RPF+count),+ 2411"
hereby+correcting+for+a+possible+3’UTR+and+5’UTR+bias+(Ingolia+et+al.,+2011).+Two+quantiA 2412"
tative+measures+for+protein+abundance+based+on+spectral+counts+(emPAI+(Ishihama+et+al.,+ 2413"
2005)+ and+NSAF+ (Paoletti+ et+ al.,+ 2006))+were+ calculated+using+ the+ shotgun+proteomics+ 2414"
data.++ 2415"
While+the+first+method+(protein+abundance+index+(PAI))+uses+the+number+of+peptides+per+ 2416"
protein+normalized+by+the+theoretical+number+of+peptides,+the+NSAF+method+takes+both+ 2417"
the+protein+ length+and+the+total+number+of+ identified+MS/MS+spectra+ in+an+experiment+ 2418"
into+account.+For+each+protein+ transcript+with+an+aTIS+ for+which+quantitative+RIBOAseq+ 2419"
and+ shotgun+ proteomics+ information+ was+ available,+ a+ Pearson+ correlation+ coefficient+ 2420"
was+calculated+between+its+normalized+RPF+count+(based+on+CDS+length)+and+its+normalA 2421"
ized+spectral+count.+When+more+than+one+RIBOAseqAderived+transcript+corresponded+to+a+ 2422"
particular+SwissAProt+protein+sequence,+the+one+with+the+highest+normalized+RPF+count+ 2423"
was+used.++ 2424"
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The+different+normalization+and+identification+approaches+were+combined+with+the+folA 2425"
lowing+additional+transcript+filtering+settings:+i)+no+extra+cutoffs,+ii)+only+aTIS+transcripts+ 2426"
with+a+validated+MS/MSAbased+identification+(meaning+that+the+spectral+count+value+was+ 2427"
≥2),+ iii)+ only+aTIS+ transcripts+with+a+ total+RPF+count+≥+200+and+ iv)+ only+aTIS+ transcripts+ 2428"
with+both+a+validated+MS/MSAbased+ identification+and+an+RPF+count+≥+200.+All+correlaA 2429"
tion+ coefficients+ were+ computed+ using+ logAtransformed+ RPF+ and+ emPAI/NSAF+ 2430"
measures.+ 2431"
" 2432"
 Results$5.4" 2433"
In+order+to+test+the+performance+of+the+PROTEOFORMER+method,+we+optimized+differA 2434"
ent+modules+(mapping,+TIS+calling+and+SNP+analysis)+specifically+towards+the+creation+of+ 2435"
a+ proteinAsynthesis+ based+ sequence+ database,+ using+ available+mouse+ embryonic+ stem+ 2436"
cell+ (mESC)+ RIBOAseq+ data+ (Ingolia+ et+ al.,+ 2011).+ Matching+ shotgun+ and+ NAterminal+ 2437"
COFRADIC+(Staes+et+al.,+2011)+proteomics+data+served+to+evaluate+this+setup.+While+the+ 2438"
former+proteomics+strategy+gives+a+global+assessment+of+ the+expressed+proteome,+ the+ 2439"
latter+technique+enables+the+isolation+of+NAterminal+peptides,+making+it+very+appropriate+ 2440"
for+the+validation+of+the+by+RIBOAseq+observed+(alternative)+translation+initiation+sites.++ 2441"
5.4.1! Optimization! 2442"
Two+different+mapping+tools+(STAR+(Dobin+et+al.,+2013)+and+TopHat2+(Kim+et+al.,+2013))+ 2443"
were+ evaluated+ and+ both+ performed+ similarly+ in+ terms+ of+ the+ percentage+ of+ reads+ 2444"
mapped+ onto+ the+ reference+ genome+ (Table+ 5.1).+However,+ STAR+was+ selected+ for+ the+ 2445"
rest+of+ the+analysis+because+ it+aligned+slightly+more+ relevant+RPFs+ (i.e.+with+ length+beA 2446"
tween+26+and+34+bases),+providing+an+increase+of+2.85%+and+4.6%+for+RPF+of+elongating+ 2447"
and+initiating+ribosomes+respectively+(Figure+5.4).+It+also+outperformed+TopHat2+in+terms+ 2448"
of+speed.+ 2449"
To+optimize+the+PROTEOFORMER+TIS+calling+algorithm+for+aTIS+transcripts,+we+varied+ 2450"
the+two+main+TIS+calling+parameters:+i.e.+the+minimum+profile+count+(min+count)+and+the+ 2451"
difference+ in+ the+ normalized+ reads+ between+ the+ treated+ and+ untreated+ samples+ 2452"
(RLTM/HARR+ –+ RCHX).+ By+ varying+ the+min+ count+ and+ RLTM/HARR+ –+ RCHX+ values+we+ evaluated+ 2453"
their+impact+on+the+downstream+peptide+identification+rates+on+the+shotgun+mESC+data.+ 2454"
To+do+this+we+compiled+nonAredundant+tryptic+peptide+search+spaces+for+a+range+of+difA 2455"
ferent+RLTM/HARR+–+RCHX+ (0.01+to+0.15)+and+min+count+ (1+ to+20)+values+and+used+these+for+ 2456"
spectral+matching+and+database+searching.+The+best+TIS+calling+parameters+were+selectA 2457"
ed+based+on+the+number+of+confident+tryptic+peptides+identified+at+a+PEP+(Posterior+Error+ 2458"
Probability)+cutoff+of+0.2+as+this+corresponds+to+an+FDR+of+1%.++ 2459"
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+ 2460"
With+the+min+count+set+to+5+and+the+RLTM/HARR+–+RCHX+values+varying+from+0.01+to+0.15,+we+ 2461"
observed+that+as+the+RLTM/HARR+–+RCHX+value+decreased+the+number+of+identified+peptides+ 2462"
increased+and+converged+to+a+maximum+(Figure+5.5A).+Below+an+RLTM/HARR+–+RCHX+value+of+ 2463"
0.01+ the+ number+ of+ identifications+ started+ decreasing+ indicating+ that+ more+ noise+ was+ 2464"
allowed+into+the+data+and+that+it+became+difficult+for+the+peptide+identification+algorithm+ 2465"
to+clearly+distinguish+the+good+hits+from+the+bad+ones.+This+was+also+observed+below+a+ 2466"
value+of+5+when+the+min+count+varied+from+1+to+20+while+setting+the+RLTM/HARR+–+RCHX+value+ 2467"
fixed+ at+ a+ constant+ value+ of+ 0.01+ (Figure+ 5.5B).+ For+ these+ reasons,+ a+ combination+ of+ 2468"
RLTM/HARR+–+RCHX+=+0.01+and+min+count+=+5+was+used+for+further+analysis+of+aTIS+transcripts.+ 2469"
Furthermore,+the+rule+based+TIS+calling+clearly+outperformed+a+Support+Vector+Machine+ 2470"
(SVM)+ algorithm+ (Ingolia+ et+ al.,+ 2011)+ in+ compiling+ a+ comprehensive+ list+ of+ TISs+ in+ our+ 2471"
setup+(Figure+5.5C).++ 2472"
+ 2473"
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2474"
Figure'5.4'RPF.length.distributions,.split.based.on.chromosomes,.for.mouse.RIBO&seq.data.. 2475"
(A).RPF.length.distribution.of.elongating.ribosomes,.based.on.STAR.transcriptome.mapper.. 2476"
(B).RPF.length.distribution.of.elongating.ribosomes,.based.on.TopHat.transcriptome.map& 2477"
per..(C).RPF.length.distribution.of.initiating.ribosomes,.based.on.STAR.transcriptome.map& 2478"
per.. (D). RPF. length. distribution. of. initiating. ribosomes,. based. on. TopHat. transcriptome. 2479"
mapper.. The. corresponding. figure. RIBO&seq. RPF. length. distributions. for. human. can. be. 2480"
found.in.Appendix.File.5.6.' 2481"
For+other+TIS+categories,+more+stringent+ threshold+settings+were+used+ in+order+ to+ limit+ 2482"
the+amount+of+ falseApositive+RIBOAseq+derived+ transcripts.+This+ is+ especially+ important+ 2483"
for+downstream+CDS+TISs+(using+a+ruleAbased+TIS+calling+approach),+as+this+region+is+very+ 2484"
prone+to+false+positives+because+of+high+ribosomal+occupancy+levels.+However,+excluding+ 2485"
less+stringent+CDS+TISs+does+not+have+a+great+impact+on+the+final+protein+sequence+dataA 2486"
base.+During+translation+assembly,+and+in+order+to+eliminate+redundancy,+the+majority+of+ 2487"
CDS+TIS+based+transcripts+are+removed+anyway.++ 2488"
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2489"
Figure'5.5.Posterior.Error.Probability.distributions.of. the.number.of. identified.tryptic.pep& 2490"
tides.from.shotgun.proteome.analyses..The.searches.were.performed.on.a.database.hold& 2491"
ing.a.non&redundant.set.of.tryptic.peptides.based.on.the.RIBO&seq.derived.sequences.hav& 2492"
ing.annotated.translation.initiation.sites.(aTIS)..These.plots.demonstrate.the.impact.of.the. 2493"
database.creation.parameters.of.PROTEOFORMER.on.downstream.MS/MS.identification.. 2494"
The.cumulative.number.of.peptides.identified.is.plotted.on.the.y&axis.and.the.corresponding. 2495"
PEP.(Posterior.Error.Probability,. i.e..the.probability.that.a.peptide&to&spectrum.match. is.a. 2496"
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chance.event).is.plotted.on.the.x&axis..(A).mESC.shotgun.data:.The.effect.of.changing.the. 2497"
RLTM/HARR. –. RCHX. in. the. TIS. calling. procedure. on. the. number. of. tryptic. peptides. identified. 2498"
with. ‘minimum.profile. count’. (TIS. calling). set. to.10..The.number.of. identified. tryptic.pep& 2499"
tides. decreases.with. increasing. RLTM/HARR. –. RCHX. value.. There. is. a.marked. increase. in. the. 2500"
number.of.highly.confident.matches.(for.PEP.<.0.2).at.lower.values.of.RLTM/HARR.–.RCHX..(B). 2501"
mESC.shotgun.data:.The.effect.of.‘minimum.profile.count’.on.the.number.of.identified.tryp& 2502"
tic.peptides.at.constant.RLTM/HARR.–.RCHX.of.0.01..The.number.of.highly.confident.identifica& 2503"
tions. decreases. with. increasing. number. of. ‘minimum. profile. count’.. At. a. confidence. of. 2504"
about.80%.(PEP.<.0.2). the.number.of. identified.peptides. is.about.the.same.for. ‘minimum. 2505"
profile. count’. 1. and. 5.. (C).mESC. shotgun. data:. Comparison. of. the. peptide. identification. 2506"
numbers. using. different. database. versions.. . From. the. PEP. distributions. it. is. clear. that. 2507"
searches.using.the.RIBO&seq.derived.database.outperformed.those.using.solely.Swiss&Prot.. 2508"
With. SNP. information. (RIBO&seq. (SAMtools)). included,. the. number. of. identification. in& 2509"
creases.even.more,.with.the.best.result.obtained.using.a.search.space.combining.RIBO&seq. 2510"
derived.sequences.(SNP.information.inclusive).and.Swiss&Prot.entries.at.an.80%.confidence. 2511"
validation.threshold.. It. is.also.clear.that.the.rule&based.algorithm.outperformed.the.SVM& 2512"
algorithm.applied.in.Ingolia.et.al..(Ingolia+et+al.,+2011)l.' 2513"
Moreover,+a+more+stringent+approach+for+nonAannotated+TISs+also+ensures+that+TISs,+and+ 2514"
subsequent+transcripts,+that+still+pass+parameter+settings+have+a+much+greater+chance+to+ 2515"
be+ true+ positives+ and+ are+ definitely+ worth+ further+ investigation.+ Thresholds+ for+ a+ TIS+ 2516"
located+ in+ the+ 5'+ untranslated+ region+were+ set+ to+ 10+ (min+ count)+ and+ 0.05+ (RLTM/HARR+ –+ 2517"
RCHX);+for+a+TIS+located+in+the+downstream+CDS+15+and+0.15+were+used;+for+a+TIS+within+ 2518"
the+3’+untranslated+region+or+a+TIS+within+a+nonAproteinAcoding+transcript+these+threshA 2519"
olds+were+set+to+10+and+0.05.++ 2520"
With+the+optimal+parameters+identified+we+then+generated+varying+nonAredundant+trypA 2521"
tic+ peptide+ databases+ based+ on+ inclusion+ of+ nonAsynonymous+ mutation+ information+ 2522"
obtained+from+the+RIBOAseq+data+using+different+strategies.+These+databases+were+comA 2523"
pared+alongside+a+ tryptic+peptide+database+generated+from+the+mouse+SwissAProt+proA 2524"
tein+ sequences.+ A+ search+ space+ built+ from+ the+ combination+ of+ RIBOAseqAderived+ seA 2525"
quences+with+mutation+ information+derived+ from+SAMtools+ and+SwissAProt+performed+ 2526"
better+ than+ one+ derived+ from+ RIBOAseq,+ SwissAProt+ and+ mutation+ information+ from+ 2527"
dbSNP+ (Sherry+ et+ al.,+ 2001)+ in+ terms+ of+ the+ number+ of+ tryptic+ peptide+ identifications+ 2528"
(Figure+ 5.5C).+ This+ indicated+ that+ SAMtools+ is+ able+ to+ capture+ mutation+ information+ 2529"
brought+about+by+RIBOAseq,+which+is+lacking+in+dbSNP.+These+settings+also+proved+optiA 2530"
mal+ in+analyzing+ the+human+colorectal+cancer+cell+ line+ (HCT116)+RIBOAseq+data+ (Figure+ 2531"
5.6).+ 2532"
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2533"
Figure'5.6'Posterior.Error.Probability.distributions.of.the.number.of. identified.tryptic.pep& 2534"
tides. from.HCT116. shotgun.proteome.analyses.. The. searches.were.performed.on.a.data& 2535"
base. holding. a. non&redundant. set. of. tryptic. peptides. based. on. the. RIBO&seq. derived. se& 2536"
quences. having. annotated. translation. initiation. sites. (aTIS).. This. plot. demonstrates. the. 2537"
impact.of. the.database.creation.parameters.of.PROTEOFORMER.on.downstream.MS/MS. 2538"
identification..The.cumulative.number.of.peptides.identified.is.plotted.on.the.y&axis.and.the. 2539"
corresponding. PEP. (Posterior. Error. Probability,. i.e.. the. probability. that. a. peptide&to& 2540"
spectrum.match.is.a.chance.event).is.plotted.on.the.x&axis..The.number.of.peptide.identifi& 2541"
cations.using.only.RIBO&seq.derived.sequences.as.a. search.space. is. lower. than.searching. 2542"
Swiss&Prot.. Yet. a. significant. increase. is. noticeable. when. searching. against. a. combined. 2543"
database.(RIBO&seq.derived.+.Swiss&Prot).+ 2544"
5.4.2! Evaluation!on!mESC!and!HCT116!cell!line!material! 2545"
To+evaluate+ the+deep+proteome+coverage+of+ the+PROTEOFORMER+pipeline,+ it+was+apA 2546"
plied+ to+ the+mESC+ and+HCT116+ RIBOAseq+ data+ sets.+ Combining+ the+ RIBOAseq+ derived+ 2547"
protein+sequences+with+SwissAProt+(mouse+and+human+individually),+3+771+mouse+and+2+ 2548"
853+human+protein+identifications+were+obtained+from+the+shotgun+experiments+at+a+1%+ 2549"
FDR+threshold+(Figure+5.7+A,B+and+Appendix+File+5.7+A,B).+The+supplemental+(RIBOAseqA 2550"
derived)+sequences+in+the+search+space+contributed+to+respectively+323+and+20+(8.6%+and+ 2551"
0.7%)+ new+ and+ 124+ and+ 65+ (3.3%+ and+ 2.3%)+ improved+ protein+ identifications+ for+ the+ 2552"
mouse+and+human+datasets.++ 2553"
These+ soAcalled+ new+ identifications+ were+ not+ contained+ in+ SwissAProt+ and+ originated+ 2554"
from+peptide+ identifications+ that+ (partly)+overlapped+an+NAterminal+extension,+an+exon+ 2555"
region+of+an+alternative+spliced+isoform,+a+mutation+site+or+alternatively,+an+uORF+(Figure+ 2556"
5.7A,B,+5.8+and+5.9).+Due+to+the+ increased+protein+coverage,+these+phenomena+also+acA 2557"
counted+for+a+substantial+increase+of+identifications+with+an+improved+protein+score.++ 2558"
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Correlation+of+ the+translational+outcome+based+on+ribosome+profiling+ (RPF+count)+with+ 2559"
the+ labelAfree+ protein+ abundance+ measures+ of+ the+ shotgun+ experiments+ (emPAI+ and+ 2560"
NSAF)+demonstrated+that+these+technologies+are+highly+complementary.+Positive+PearA 2561"
son+correlation+coefficients+reaching+up+to+0.714+and+0.643+were+obtained+for+mouse+and+ 2562"
human+(Koch+et+al.,+2014)+respectively+(Figures+5.10+and+5.11),+exceeding+the+correlation+ 2563"
of+ the+ same+MS+ spectral+ countAbased+measures+with+mRNA+FPKM+counts+ (Low+et+ al.,+ 2564"
2013;+Nagaraj+et+al.,+2011;+Ning+et+al.,+2012;+Schwanhäusser+et+al.,+2011).++ 2565"
+ 2566"
+ 2567"
2568"
Figure'5.7.PROTEOFORMER.enables.deep.proteome.coverage..Pie.charts.representing.the. 2569"
number.of.protein.and.peptide.identifications.obtained.from.the.shotgun.proteomics.and.N& 2570"
terminal. COFRADIC. experiments. based. on. searching. the. PROTEOFORMER. +. Swiss&Prot. 2571"
database.for.both.mouse.ESC.cells.and.human.HCT116.cells.using.a.1%.FDR.threshold..(A). 2572"
Shotgun.proteomics.results.(mouse)..A.total.of.3.771.proteins.were. identified..(B).Shotgun. 2573"
proteomics. results. (human),. identifying.a. total. of. 2. 853.proteins.. For. the. shotgun.experi& 2574"
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ments,.a.categorization.was.made.based.on.the.fact.that.the.protein.can.be.picked.up.using. 2575"
the.PROTEOFORMER.and/or.Swiss&Prot.sequence.database..Also,. the. improved.and.new. 2576"
protein. identifications. were. further. classified. into. the. following. categories:. new,. iso& 2577"
form/homolog,. SNP. variant,. 5’. extension. and. uORF.. (C). N&terminal. COFRADIC. (mouse). 2578"
experiment.resulting.in.1.589.N&terminal.peptide.identifications..(D).N&terminal.COFRADIC. 2579"
results.(human)...Here,.1.312.N&termini.were.identified...The.N&termini.were.categorized.as. 2580"
either.dbTIS.(database.annotated.TIS),.dTIS.(downstream.TIS),.5’.extension.or.uORF...' 2581"
' 2582"
2583"
Figure'5.8.Examples.of.improved.identifications.in.the.mouse.(mESC.cells).shotgun.prote& 2584"
omics.experiments..The.addition.of.RIBO&seq.data.to.proteomics.experiment.improved.the. 2585"
identification.and.score.significance.for.124.proteins.(See.also.Appendix.File.5.7).and.three. 2586"
representative. examples. are. depicted. here.. The. left. column. shows. the. Clustal. Omega. 2587"
alignment.of.the.RIBO&seq&derived.amino.acid.sequences.to.the.Swiss&Prot.sequences.with. 2588"
the.relevant.peptide.identifications.highlighted.in.blue..The.column.on.the.right.shows.the. 2589"
corresponding.fragmentation.spectra.and.peptide.sequence.fragmentations.. 2590"
+ 2591"
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2592"
Figure' 5.9. Examples. of. improved. identifications. in. the. human. (HCT116). shotgun. prote& 2593"
omics. experiments.. The. addition. of. RIBO&seq. derived. translation. products. to. the. prote& 2594"
omics. experiment. improved. the. identification. and. score. significance. for. 65. proteins. (See. 2595"
also.Appendix. File. 5.7). of.which. three. representative. examples.are.depicted."The. left. col& 2596"
umn.shows.the.Clustal.Omega.alignment.of.the.RIBO&seq&derived.amino.acid.sequences.to. 2597"
the.Swiss&Prot.sequences.with.the.relevant.peptide.identifications.highlighted.in.blue..The. 2598"
column.on.the.right.shows.the.corresponding.fragmentation.spectra.and.peptide.sequence. 2599"
fragmentations.. 2600"
The+NAterminal+COFRADIC+experiments+resulted+in+the+identification+of+different+classes+ 2601"
of+ NAtermini+ (Figure+ 5.7+ C,D+ and+ Appendix+ File+ 5.7+ C,D).+ The+ majority+ of+ peptides+ 2602"
mapped+ canonical+ start+ sites+ or+ SwissAProt+ database+ annotated+ translation+ initiation+ 2603"
sites+(dbTIS):+1+346+mouse+and+1+089+human+NAtermini+(i.e.;+84.7%+and+83.0%+of+all+idenA 2604"
tified+NAtermini),+223+and+213+(14.0%+and+16.2%)+started+downstream+of+the+annotated+ 2605"
TIS+(dTIS;+past+protein+position+2+in+reference+to+SwissAProt).++ 2606"
18+and+11+peptides+pointed+to+NAterminally+extended+proteoforms+in+mouse+and+human.+ 2607"
Another+ two+NAterminal+peptides+pointed+ to+ the+ translation+of+upstream+open+ reading+ 2608"
frames+ (completely+within+ the+ 5’+UTR+ or+ outAofAframe+ and+ overlapping+with+ canonical+ 2609"
CDS)+ for+ mouse.+ Moreover,+ analysis+ of+ NAterminal+ COFRADIC+ data+ using+ the+ PROA 2610"
Deep"Proteome"Coverage"Through"Ribosome"Profiling"and"MS"Integration" 95"
"
TEOFORMER+ pipeline+ provided+ us+ with+ evidence+ of+ translation+ initiation+ at+ nearA 2611"
cognate+start+sites+(nonAAUG+codons+recoded+to+initiator+methionines+(iMet)).+PeptideA 2612"
toAspectrum+matches+(PSMs)+corresponding+to+peptides+located+in+a+uORF+region+were+ 2613"
manually+ validated+ (Appendix+ File+ 5.5)+ and+ possibly+ hint+ at+ true+ translation+ of+ these+ 2614"
uORFs,+although+it+cannot+be+ruled+out+that+an+unpredicted+extended+proteoform+exists+ 2615"
comprising+this+translated+uORF+sequence.+ 2616"
Interestingly,+ refined+ gene+models+ can+ be+ built+ based+ on+ novel+ peptide+ identifications+ 2617"
resulting+from+our+PROTEOFORMER+approach.+These+can+be+categorized+ into+new+exA 2618"
ons+ (pointing+ to+ new+ isoforms,+ see+ Appendix+ File+ 5.7a,b),+ NAterminal+ extensions+ (see+ 2619"
Appendix+ File+ 5.7+ and+ examples+ of+ the+ human+ dcaf13+ and+ the+ orthologous+ hdgf+ gene+ 2620"
illustrated+ in+ respectively+ Figure+ 5.12+ and+Appendix+ File+ 5.9)+ and+ translation+ of+ uORFs+ 2621"
(see+the+example+of+an+uORF+contained+in+the+Slc35a4+gene+shown+in&Figure+5.13).+This+ 2622"
uORF+could+also+be+categorized+as+a+new+gene+product+(resulting+in+a+translation+product+ 2623"
of+ 103+ AA,+ see+ Appendix+ File+ 5.5).+ These+ findings+ suggest+ that+ the+ PROTEOFORMER+ 2624"
approach+can+help+to+refine+the+annotation+of+the+genome.++ 2625"
2626"
Figure'5.10.Correlation.plots.of.RPF.counts. (RIBO&seq).with.protein.abundance.estimates. 2627"
based.on.emPAI.values. for.mouse.. (A).All. annotated.TIS. (aTIS). transcripts.. (B).Validated. 2628"
aTIS.transcripts.(i.e..transcripts.with.a.spectral.count.≥.2)..(C).aTIS.transcripts.with.an.RPF. 2629"
count.≥.200..(D).Validated.aTIS.transcripts.with.an.RPF.count.≥.200..The.regression.line.is. 2630"
96! Part"3:"Ribosome"Profiling"
"
shown.in.green..For.each.plot.the.number.of.data.points.used.(i.e..the.number.of.aTIS.tran& 2631"
scripts). as.well. as. the. corresponding. Pearson. correlation. coefficient. (r2). is. shown.. Corre& 2632"
sponding.plots.based.on.NSAF.values. for.mouse.and.emPAI.and.NSAF.values. for.human. 2633"
can.be.found.in.Appendix.File.5.8.. 2634"
2635"
Figure' 5.11. Correlation. plots. of. RPF&counts. (RIBO&seq). with. NSAF&based. protein. abun& 2636"
dance.estimates. for.validated. (i.e.. spectral. count.>=.2).aTIS. transcripts.with.RPF.count.≥. 2637"
200,.with.extra.stability.data.annotation..(A).Mouse.data.is.plotted;.the.instability.indexes. 2638"
were. determined. with. the. ProtParam. tool. (http://web.expasy.org/protparam):. . proteins. 2639"
with.an.instability.index.<.40.were.classified.as.stable.and.are.shown.in.blue,.whereas.pro& 2640"
teins.with.an.instability.index.≥.40.were.classified.as.unstable.and.are.shown.in.orange..(B). 2641"
Mouse.data.is.plotted;.proteins.with.an.instability.index.<.30,.≥30.and.<.50,.≥.50.and.<.100. 2642"
or.≥.100.are.shown.in.green,.blue,.red.and.orange,.respectively..Proteins.with.a.high.insta& 2643"
bility.index.are.predicted.to.be.more.unstable..(C).Human.data.is.plotted;.similar.to.(A)..(D). 2644"
Human.data.is.plotted;.similar.to.(B).+ 2645"
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2646"
Figure'5.12. Example.of.a.new.proteoform..N&terminal. extension.of.DCA13_HUMAN.that. 2647"
was.picked.up.by.the.proteogenomic.analysis.and.validated.by.N&terminal.COFRADIC..The. 2648"
UCSC.genome.browser.was.used.to.create.a.view.of.the.RIBO&seq.and.COFRADIC.data..The. 2649"
different. tracks. are. from. top. to. bottom:.CHX&treated.RIBO&seq.data,. LTM/HARR&treated. 2650"
RIBO&seq.data,.N&terminal.COFRADIC.data,.UCSC.genes,.RefSeq.genes. and.mRNA..The. 2651"
zoomed&in.images.show.the.alternative.start.site.(i:.alternative.start.site,.ii:.canonical.start. 2652"
site),.while. the.MS/MS. spectra. and. sequence. fragmentation. plots. display. the. confidence. 2653"
and.quality.of.the.N&terminal.peptide.identifications.. 2654"
 Discussion$5.5" 2655"
PROTEOFORMER+ is+ the+ first+ publicly+ available+ analysis+ pipeline+ that+ provides+ a+ comA 2656"
plete+bioinformatics+workflow+for+ the+analysis+of+RIBOAseq+NGS+data+and+that+enables+ 2657"
the+ construction+ of+ a+ customized+ protein+ sequence+ search+ space+ to+ allow+ integration+ 2658"
with+mass+spectrometry+facilitating+the+capture+of+the+proteome+complexity.+By+combinA 2659"
ing+the+information+from+elongating+and+initiating+ribosomes,+it+is+able+to+create+an+opA 2660"
timal+search+space+for+matching+MS+experiments.+The+integration+of+PROTEOFORMER+ 2661"
within+the+Galaxy+framework+provides+a+userAfriendly+interface+for+analysis+of+RIBOAseq+ 2662"
data+ (in+ combination+with+proteomics+data),+ resulting+ in+new+and+ improved+ identificaA 2663"
tions.++ 2664"
Noteworthy+are+the+overall+lower+identification+rates+of+the+human+sample.+This+can+be+ 2665"
attributed+to+i)+the+fact+that+only+heavy+labeled+peptides+were+considered+in+the+human+ 2666"
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mass+spectrometry+setup,+ii)+the+overall+better+annotation+of+the+human+proteome+(repA 2667"
resented+by+the+lower+number+of+new+non+SwissAProt+identifications)+and+iii)+the+higher+ 2668"
number+of+identifications+not+present+in+our+RIBOAseqAderived+sequence+pool+(i.e.+identiA 2669"
fications+matching+SwissAProt+entries+only)+for+the+human+sample.+Whereas+only+148+(3.9+ 2670"
%)+identifications+are+not+captured+based+on+the+RIBOAseq+strategy+for+the+mouse+data,+ 2671"
this+number+increases+to+253+(8.9%)+identifications+for+the+human+data.+Inspection+of+the+ 2672"
metagenic+ RPF+ abundance+ plots+ (See+ Figure+ 5.3+ and+ Appendix+ File+ 5.3)+ shows+ an+ exA 2673"
pected+ dynamic+ range+ of+ expression.+ The+ quantitative+ correlation+ between+PRF+ abunA 2674"
dance+and+spectral+countAbased+measures+for+the+nonAcustom+SwissAProt+proteins+(See+ 2675"
Appendix+File+5.10)+demonstrates+that+this+lower+performance+is+not+attributable+to+the+ 2676"
CHXAtreated+ HCT116+ sample+ sequencing+ coverage.+ Finally,+ the+ distribution+ of+ the+ 2677"
RLTM/HAR+–+RCHX+values+(used+in+the+TIS+calling+procedure,+see+Material+and+Methods+and+ 2678"
Figure+5.14)+pointed+to+an+overall+lower+genomeAwide+coverage+of+initiating+ribosomes,+ 2679"
attributable+ to+ either+ biases+ introduced+ in+ the+ library+ preparation+ of+ the+ LTMAtreated+ 2680"
HCT116+ sample+or+ suboptimal+ conditions+of+ the+LTM+ treatment.+Consequently,+ proteA 2681"
omics+enables+a+quality+assessment+of+RIBOAseq,+which+is+typically+lacking.+ 2682"
2683"
Figure'5.13. Example.of. a.new.proteoform..Translated.uORF.of.S35A4_MOUSE. that.was. 2684"
picked. up. by. the. proteogenomic. analysis. and. validated. by. N&terminal. COFRADIC.. The. 2685"
UCSC.genome.browser.was.used.to.create.a.view.of.the.RIBO&seq.and.COFRADIC.data..The. 2686"
different. tracks. are. from. top. to. bottom:.CHX&treated.RIBO&seq.data,. LTM/HARR&treated. 2687"
RIBO&seq.data,.N&terminal.COFRADIC.data,.UCSC.genes,.RefSeq.genes. and.mRNA..The. 2688"
zoomed&in.images.show.the.alternative.start.site.(i:.alternative.start.site,.ii:.canonical.start. 2689"
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site),.while. the.MS/MS. spectra. and. sequence. fragmentation. plots. display. the. confidence. 2690"
and.quality.of.the.N&terminal.peptide.identifications.. 2691"
RIBOAseq+ based+ studies+ also+ showed+ ribosome+ occupancy+ of+ long+ ncRNAs+ (lncRNAs)+ 2692"
(Ingolia+ et+ al.,+ 2011),+ possibly+ hinting+ towards+ their+ protein+ coding+ potential.+However+ 2693"
most+lncRNAs+do+not+function+through+encoded+proteins+(Guttman+et+al.,+2013)+demonA 2694"
strating+that+RIBOAseq+on+its+own+is+not+a+perfect+proxy+for+protein+synthesis+and+that+MS+ 2695"
validation+is+often+indispensable+(SternAGinossar+et+al.,+2012).+New+RIBOAseq+approaches+ 2696"
as+the+Fragment+Length+Organization+Similarity+Score+(FLOSS,+(Ingolia+et+al.,+2014))+and+ 2697"
Ribosome+Release+Score+(RSS,+(Guttman+et+al.,+2013))+in+combination+with+MS+validation+ 2698"
using+ for+ example+ PROTEOFORMER+will+ prove+ very+ useful+ in+ RIBOAseq+ based+ protein+ 2699"
identification+(Koch+et+al.,+2014).+ 2700"
2701"
Figure'5.14.RLTM/HARR&RCHX.distribution.for.ribosome.profile.covered.aTIS.transcripts.'These. 2702"
density. plots. show. the. distribution. of. the. RLTM/HARR&RCHX. parameter. for. (A). the. mouse. 2703"
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(mESC). and. (B). human. (HCT116). aTIS. transcripts.. From. top. to. bottom. it. represents. the. 2704"
distribution.of..(i).all.aTIS.transcripts.with.ribosome.profile.coverage,.(ii).all.aTIS.transcripts. 2705"
with. ribosome. profile. coverage.where. the. TIS. is. called. by. the. rule&based. algorithm. (e.g.. 2706"
passing.all.TIS.calling.parameters).and.(iii).all.aTIS.transcripts.with.ribosome.profile.cover& 2707"
age.where.the.TIS. is.not.called.by.the.rule&based.algorithm.(e.g..not.passing.one.or.more. 2708"
TIS.calling.parameters)..It.is.noticeable.that.the.human.RLTM/HARR&RCHX.values.are.lower.than. 2709"
those.for.the.mouse.data,.possibly.pointing.to.suboptimal.LTM.treatment.and/or.TIS.calling. 2710"
or.biases.introduced.in.the.library.preparation.of.the.sequencing.experiment.of.the.lactim& 2711"
idomycin.treated.HCT116.cell.line.sample.. 2712"
By+increasing+the+size+of+the+sequence+search+space+(e.g.+a+database+derived+from+a+sixA 2713"
frame+translation+of+nucleotide+sequences+(based+on+mRNAAseq)),+MS+database+search+ 2714"
engines+will+underestimate+the+confidence+assigned+to+the+peptideAtoAspectrum+matchA 2715"
es+leading+to+fewer+identifications+at+the+estimated+FDR+and+PEP+thresholds+(Blakeley+et+ 2716"
al.,+ 2012)+ using+ a+ typical+ targetAdecoy+ approach.+ PROTEOFORMER+only+ requires+ oneA 2717"
readingAframe+translation+ in+contrast+ to+methods+based+on+ regular+mRNA+sequencing,+ 2718"
thus+limiting+the+search+space+explosion+and+keeping+the+confidence+distribution+of+the+ 2719"
search+against+ the+PROTEOFORMER+database+similar+ to+standard+SwissAProt+searches+ 2720"
(Figures+ 5.5C+ and+ 5.6).+ We+ also+ envision+ that+ more+ efficient+ MS+ scoring+ algorithms+ 2721"
(Degroeve+and+Martens,+2013)+will+be+set+in+place+to+even+better+cope+with+the+increasing+ 2722"
search+space+sizes+inherent+to+nextAgeneration+sequencingAbased+methods.+ 2723"
Through+userAdefinable+parameter+settings,+PROTEOFORMER+provides+the+flexibility+to+ 2724"
tailor+the+creation+of+a+translatomeAbased+sequence+database+to+the+research+question+ 2725"
at+hand.+Downstream+TIS+identification+or+unbiased+TIS+calling+are,+for+example,+possiA 2726"
ble,+ but+ would+ need+ appropriate+ optimization+ for+ the+ different+ TIS+ categories.+ PROA 2727"
TEOFORMER+makes+ use+ of+ iGenomes+ reference+ sequences+ and+ annotation+ from+ EnA 2728"
sembl+for+mapping,+and+custom+Ensembl+SQLite+annotation+databases+(available+on+the+ 2729"
PROTEOFORMER+web+page).+ It+ can+already+handle+RIBOAseq+derived+sequencing+data+ 2730"
of+Mus.musculus,+Homo.sapiens,+Drosophila.melanogaster.and+Arabidopsis. thaliana,.and+ 2731"
we+are+currently+working+on+incorporating+other+species.+This+is+done+on+a+caseAbyAcase+ 2732"
basis+as+speciesAspecific+adaptations,+for+example+to+RPF+parsing+(Dunn+et+al.,+2013),+are+ 2733"
often+desired.+ Furthermore,+we+are+ also+ continuously+ improving+our+pipeline+ including+ 2734"
other+TIS+calling+algorithms+(Ingolia+et+al.,+2011),+SNP+calling+tools+(DePristo+et+al.,+2011)+ 2735"
and+RIBOAseq+specific+measures+(Bazzini+et+al.,+2014;+Ingolia+et+al.,+2014).+ 2736"
+ 2737"
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 Conclusion$5.6" 2738"
In+conclusion,+we+developed+a+new+analysis+pipeline,+termed+PROTEOFORMER.+ It+enaA 2739"
bles+ the+ processing+ of+ RIBOAseq+ data+ and+ can+ be+ optimized+ based+ on+ userAdefinable+ 2740"
parameter+ settings+ in+ order+ to+ be+ useful+ in+ answering+ a+ plethora+ of+ different+ research+ 2741"
questions.+The+tool+ includes+a+mapping+module+enabling+genomeAwide+visualization+of+ 2742"
ribosome+occupancy+on+a+genome+browser+of+choice.+It+also+includes+a+TIS+calling+algoA 2743"
rithm+ that+ allows+ for+ the+delineation+of+ the+ORFs+of+ all+ translation+products,+based+on+ 2744"
initiating+ ribosome+ footprint+ accumulation+ obtained+ upon+ LTM/HARR+ treatment.+ A+ 2745"
complete+ translatomeAbased+ sequence+ database,+ also+ including+ SNP+ information,+ can+ 2746"
thus+be+compiled,+for+spectral+database+matching.+We+further+showed+that+optimization+ 2747"
towards+the+use+of+PROTEOFORMER+in+a+proteogenomic+approach,+enables+deep+proA 2748"
teome+ coverage+ (including+ 5’+ extended+ proteoforms,+ alternative+ spliced+ isoform+ and+ 2749"
uORFs)+ resulting+ in+ an+ increase+ in+ overall+ protein+ identification+ rate+ when+ searching+ 2750"
matching+mass+spectrometry+datasets.+ 2751"
A+ standAalone+ version+ (Appendix+ File+ 5.1)+ and+ a+ galaxy+ implementation+ (Appendix+ File+ 2752"
5.4+ and+ Figure+ 5.15)+ of+ our+ approach+ are+ available+ at+ 2753"http://www.biobix.be/proteoformer+ next+ to+ all+ relevant+ information+ on+ the+ installaA 2754"
tion+and+underlying+requirements.+ 2755"
+ 2756"
 Authors'$Contributions$5.7" 2757"
GM+and+PVD+designed+ research;+GM,+JC,+EN,+AK,+SS+developed+the+PROTEOFORMER+ 2758"
scriptAbased+version+and+Galaxy+implementation;+GM+and+EN+analyzed+proteomics+data;+ 2759"
GM+and+JC+analyzed+ribosome+profiling+data;+DG,+PVD,+SDK+and+EDM+performed+riboA 2760"
some+profiling;+PVD+performed+proteome+analyses;+JC,+EN+and+GM+wrote+the+paper;+EN+ 2761"
created+ the+website+ and+ virtual+machine;+ PVD+ and+GM+ supervised+ the+ research.+WVC+ 2762"
and+TDM+advised+on+research.+All+authors+read+and+approved+the+final+manuscript." 2763"
+ 2764"
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2765"
Figure' 5.15. Screenshot. depicting. a. Galaxy. workflow. containing. all. steps. of. the. PRO& 2766"
TEOFORMER. tool. pipeline..A. screenshot. of. the. quality. control.workflow. can. be. found. in. 2767"
Appendix. File. 5.11.. The. Galaxy. workflows. can. also. be. downloaded. from. the. PRO& 2768"
TEOFORMER.website.(www.biobix.be/proteoformer).. 2769"
+ 2770"
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 RIBOsORF:!a!ribosome!profiling!based!6" 2791"
sORF!identification!pipeline! 2792"
" 2793"
 Introduction$6.1" 2794"
Until+recently,+gene+prediction+tools+used+in+the+course+of+largeAscale+cDNA+annotation+ 2795"
studies+(e.g.+the+FANTOM+consortium)+often+applied+a+minimum+(e.g.)+transcript+length+ 2796"
cutAoff+when+identifying+proteinAcoding+genes+to+reduce+the+likelihood+of+false+positive+ 2797"
predictions+ (Dinger+ et+ al.,+ 2008;+ Okazaki+ et+ al.,+ 2002).+ Such+ arbitrary+ limit,+ although+ 2798"
straightforward+to+apply,+is+problematic+for+various+reasons.+Many+long+ncRNAs+contain,+ 2799"
by+ chance,+ putative+ ORFs+ that+ are+ longer+ than+ 100+ codons,+ misclassifying+ them+ as+ 2800"
mRNAs.+This+is+especially+true+for+lncRNAs+that+are+classified+as+functional+ncRNAs+such+ 2801"
as+H19+ and+Xist+ (Prasanth+ and+ Spector,+ 2007).+Next+ to+ that,+ proteins+ <+ 100+AA+ in+ size+ 2802"
could+ also+ be+misclassified+ as+ ncRNAs,+ leading+ to+ a+ significant+ underestimation+ of+ the+ 2803"
true+ number+ of+ protein+ coding+ genes.+ The+ tarsal&less. (tal).gene,+ for+ example,+ controls+ 2804"
epidermal+ differentiation+ in+Drosophila.melanogaster+ and+ encodes+ a+ ~1.5+ kb+ transcript+ 2805"
with+very+short+ORFs.+Initially+classified+as+a+ncRNA,+it+has+now+been+shown+that+its+funcA 2806"
tion+is+fulfilled+by+multiple+11+AA+and+32+AA+translated+peptides+(Kondo+et+al.,+2010).++ 2807"
Since+the+discovery+and+functional+characterization+of+tal,+interest+in+soAcalled+micropepA 2808"
tides+steadily+grew,+ leading+to+ the+ identification+and+characterization+of+new+sORF+enA 2809"
coding+genes+ (Andrews+and+Rothnagel,+2014;+Crappe+et+al.,+ 2014b).+Phylogenetic+ conA 2810"
servation+analysis+ indicated+that+an+mRNAAlike+ncRNA+ in+Drosophila.shared+a+common+ 2811"
sORF+encoding+ancestor+gene+with+the+human+sarcolipin.(sln),.renaming+the+gene+and+its+ 2812"
arthropod+homologs+as+sarcolamban. (scl)..Functional+ research+ identified+a+primary+ role+ 2813"
for+scl.encoded+peptides+during+Ca2++trafficking,+which+is+required+for+heart+muscle+conA 2814"
traction+(Magny+et+al.,+2013).+Recently,+the+first+micropeptide+in+human+could+be+identiA 2815"
fied+as+part+of+a+larger+discovery+of+numerous+sORFAencoded+polypeptides+(SEPs).+MRI&2. 2816"
interacts+ with+ the+ Ku+ heterodimer+ in+ order+ to+ stimulate+ DNA+ doubleAstranded+ break+ 2817"
ligation+via+nonAhomologous+endAjoining+(Slavoff+et+al.,+2014).+ 2818"
Over+the+past+ few+years,+many+research+groups+have+systematically+searched+for+putaA 2819"
tively+ coding+ sORFs+ in+ different+ organisms+ (Aspden+ et+ al.,+ 2014;+ Bazzini+ et+ al.,+ 2014;+ 2820"
Crappe+ et+ al.,+ 2013;+ Hanada+ et+ al.,+ 2013;+ Kastenmayer+ et+ al.,+ 2006;+ Ladoukakis+ et+ al.,+ 2821"
2011).+Using+a+combination+of+in.silico+(genomeAwide)+prediction,+phylogenetic+conservaA 2822"
tion+measurement+and+different+transcriptomic/translatomic+data+sources,+hundreds+of+ 2823"
putatively+ sORFAencoding+ regions+ could+ be+ identified+ in+ different+ species.+ Ribosome+ 2824"
profiling+(RIBOAseq),+a+recently+described+strategy+to+monitor+protein+synthesis+based+on+ 2825"
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deep+ sequencing+ of+ ribosome+ protected+ mRNA+ fragments,+ applied+ in+ several+ of+ the+ 2826"
aforementioned+ systematic+ discovery+ studies,+ proves+ to+ be+ an+ ideal+ technique+ for+ our+ 2827"
research+objectives+(Ingolia+et+al.,+2011).++ 2828"
The+ true+ strength+of+RIBOAseq+arises+ from+ the+use+of+ antibiotics+ to+ stall+ or+ block+ riboA 2829"
somes,+ enabling+ the+ annotation+ of+ translated+ sequences+ and/or+ identification+ of+ new+ 2830"
putative+ sORFAencoding+ regions.+ Elongating+ ribosomes+ can+ be+ blocked+ by+ cycloA 2831"
heximide+ or+ emetine,+ while+ initiating+ ribosomes+ can+ be+ blocked+ by+ harringtonine+ or+ 2832"
lactimidomycin+(Ingolia+et+al.,+2011;+Lee+et+al.,+2012).+A+combination+of+these+approaches+ 2833"
enables+ the+ identification+ of+ translation+ initiation+ sites+ (TIS)+ and+ the+ delineation+ of+ all+ 2834"
coding+ (small)+ORFs.+ Identification+of+new+translation+products+based+on+RIBOAseq+deA 2835"
rived+sequences+is+especially+useful+in+a+proteogenomics+approach.+In+contrast+to+a+dataA 2836"
base+derived+from+RNAAseq,+using+threeA+or+sixAframe+translation+of+mRNA+sequences,+ 2837"
RIBOAseq+based+approaches+only+require+oneAreadingAframe+translation.++ 2838"
As+with+all+new+ technologies,+publicly+available+bioinformatics+ tools+and+pipelines+ that+ 2839"
are+specifically+designed+in+order+to+analyze+RIBOAseq+derived+data+are+lacking+(Ingolia,+ 2840"
2014).+We+ recently+ introduced+ a+ tool+ called+ PROTEOFORMER+ that+ automatically+ proA 2841"
cesses+ RIBOAseq+ data,+ enables+ the+ genomeAwide+ visualization+ of+ ribosome+ occupancy+ 2842"
and+ allows+ the+ compilation+ of+ a+ complete+ proteinAsynthesis+ based+ sequence+ database+ 2843"
for+ mass+ spectrometry+ based+ identification+ (Crappe+ et+ al.,+ 2014a).+ However,+ PROA 2844"
TEOFORMER+ is+ not+ optimized+ for+ the+ identification+ of+ new+ short+ translation+ products+ 2845"
and+is+also+unable+to+assess+specific+sORF+characteristics+(for+example+phylogenetic+conA 2846"
servation)+that+are+indispensable+within+a+systematic+search+for+new+sORF+sequences.++ 2847"
Here+we+present+a+sORF+analysis+pipeline,+termed+RIBOsORF,+which+enables+the+identifiA 2848"
cation+of+putative+sORFs+in+both+genic+and+intergenic+regions.+RIBOsORF+starts+with+the+ 2849"
mapping+ of+ ribosomeAprotected+ fragments+ (RPFs)+ and+ can+ be+ combined+ with+ PROA 2850"
TEOFORMER+ in+ order+ to+ assess+ the+ quality+ of+ the+ alignments+ (Crappe+ et+ al.,+ 2014a).+ 2851"
Subsequent+ and+unbiased+TIS+ identification+with+ subAcodon+ specificity+ enables+ the+ asA 2852"
sembly+ of+ sORF+ transcripts.+ For+ each+ sORF,+ a+ number+ of+ specific+ characteristics+ (e.g.+ 2853"
coverage,+conservation,+FLOSS+score...)+are+calculated.+ In+order+to+allow+the+ identificaA 2854"
tion+of+sORFs+with+matching+mass+spectrometry+experiments+ in+a+proteogenomics+apA 2855"
proach,+the+option+to+generate+a+RIBOAseq+derived+sORF+translation+product+database+is+ 2856"
also+made+available.++ 2857"
& 2858"
& 2859"
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 Material$and$Methods$6.2" 2860"
6.2.1! RIBOsORF!pipeline! 2861"
The+RIBOsORF+pipeline+(See+Figure+6.1)+consists+of+5+major+parts:+1)+the+alignment+of+the+ 2862"
RPF+ reads+ to+ a+ reference+ genome,+ 2)+ unbiased+ identification+ of+ TIS+ sites+ in+ genic+ and+ 2863"
intergenic+regions,+3)+sORF+transcript+assembly,+4)+PhyloCSF+based+conservation+analyA 2864"
sis+ (Lin+ et+ al.,+ 2011)+ and+ 5)+ sORF+ specific+ FLOSS+ determination+ (Ingolia+ et+ al.,+ 2014).+ 2865"
Based+on+all+ gathered+ information,+ a+RIBOAseq+derived+ sORF+ translation+database+ can+ 2866"
also+be+generated+that+can+be+used+as+comprehensive+search+space+for+MSAbased+pepA 2867"
tidomic+ studies.+All+ input+parameters+ for+ the+different+ steps+of+ the+RIBOsORF+pipeline+ 2868"
are+user+definable+in+order+to+allow+research+specific+optimization.++ 2869"
2870"
Figure'6.1'Overview.of.the.RIBOsORF.pipeline..The.pipeline.requires.a.combination.of.elon& 2871"
gating. and. initiating. RIBO&seq. data. as. input.. After. mapping. using. either. the. STAR. or. 2872"
TopHat2.aligner,.RPF.reads.are.parsed.and.stored.(as.all.subsequently.calculated.data). in. 2873"
an. SQLite. results. database.. Rule&based. TIS. classification. enables. transcript. assembly. of. 2874"
both.genic.and. intergenic. sORFs. (Crappe+et+al.,+2014a;+Lee+et+al.,+2012)..For.each.sORF,. 2875"
multiple. complementary. characteristics.with. information. regarding. their. coding. potential. 2876"
can. be. calculated.. All. the. different. steps. use. a. combination. of. species&specific. Igenomes. 2877"
and.Ensembl.SQLite.databases.for.annotation.purpose..+ 2878"
Sequence &p rocess ing &and &a l ignment & 2879"
For+ the+mouse+ and+ human+ sequences+ we+ use+ respectively+ the+ Ensembl+ (Flicek+ et+ al.,+ 2880"
2012)+release+72+and+70+genome+annotation+(assembly+GRCm38+and+GRCh37)+from+the+ 2881"
iGenome+ repository+ available+ at+ http://support.illumina.com/sequencing/sequencing_+ 2882"
software/igenome.ilmn.++ 2883"
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RIBOAseq+derived+reads+are+aligned+and+processed+in+the+same+way+as+described+in+chapA 2884"
ter+5+for+mouse+and+human+samples.+The+RPF+alignments+obtained+from+fruitfly+data+are+ 2885"
assigned+ to+ their+estimated+PAsites+ in+a+ slightly+modified+manner.+First,+ 12+nucleotides+ 2886"
were+pruned+from+each+end+of+the+alignment.+Each+genomic+position+covered+by+a+nuA 2887"
cleotide+in+the+pruned+alignment+was+then+incremented+with+1/n+(where+n+=+lA2+x+12+and+l+ 2888"
the+length+of+the+ribosome+protected+fragment)+(Dunn+et+al.,+2013).+ 2889"
Trans la t ion & in i t i a t ion & s i te & (T IS ) & ca l l ing & 2890"
The+mapped+profiles+from+the+initiating+ribosomes,+obtained+after+harringtonine+(HARR)+ 2891"
or+lactimidomycin+(LTM)+treatment,+are+accumulated+at+AUG+or+nearAcognate+start+coA 2892"
dons+ using+ a+ +/A+ 1+ nucleotide+ window,+ hence+ tackling+ the+ subAcodon+ resolution+ issue+ 2893"
(Ingolia+et+al.,+2011;+Lee+et+al.,+2012).+Profiles+that+do+not+map+within+this+window+relative+ 2894"
to+the+first+position+of+a+start+codon+are+disregarded+during+TIS+calling.+These+accumuA 2895"
lated+peak+positions+have+to+comply+with+a+number+of+criteria+in+order+to+be+withheld+as+ 2896"
a+true+translation+start+site+(Lee+et+al.,+2012):+ i)+the+identified+TIS+should+have+the+maxiA 2897"
mal+number+of+reads+(HARR+and/or+LTM)+within+a+window+of+7+nucleotides+(i.e.+one+coA 2898"
don+ upA+ and+ downstream),+ ii)+ the+ combined+ number+ of+ ribosome+ profiles+ for+ the+ TIS+ 2899"
should+ exceed+ a+ minimal+ profile+ count+ threshold+ and+ iii)+ the+ TIS+ should+ have+ a+ 2900"!!"#/!"## − !!"# +value+equal+or+higher+than+a+certain+threshold,+where++ 2901"
!! = !! !! ×10!! ! = !"#!!"! "##,!"# +!! = !"#$%&!!"!!"#$%!!"!!"#$%$"&!!!!"#!!"#"!!+!! = !"!#$!!"#$%&!!"!!"#$!!!"!!"#$%&"'(!!!"#!!"#"!!+
We+opted+for+an+unbiased+approach,+using+the+same+parameter+settings+(user+definable)+ 2902"
for+ all+ genic+ and+ intergenic+ TIS.+ Genic+ regions+ are+ obtained+ after+ mapping+ these+ TIS+ 2903"
locations+to+a+speciesAspecific+Ensembl+annotation+bundle+(converted+to+SQLite+format).+ 2904"
In+order+to+define+intergenic+regions,+a+sliding+window+is+used+that+runs+over+each+chroA 2905"
mosome,+defining+an+intergenic+region+as+a+region+not+overlapping+any+known+and+annoA 2906"
tated+ Ensembl+ gene.+ Since+ the+ sORF+ genomic+ begin+ and+ end+ positions+ are+ needed+ to+ 2907"
calculate+the+!!"#/!"## − !!"#,+this+characteristic+is+only+evaluated+during+sORF+transA 2908"
lation+assembly.+++. 2909"
sORF & t rans la t ion &assembly & 2910"
Using+ TIS+ positions+ identified+ during+ TIScalling,+ sORF+ single+ exon+ sequences+ can+ be+ 2911"
assembled.+A+user+definable+min+and+max+length+setting+are+used+to+check+if+an+inAframe+ 2912"
stop+codon+exists+for+each+TIS+position.+Next+to+the+genomic+positions,+the+mass+of+the+ 2913"
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resulting+peptide+and+the+DNA/AA+sequences,+a+number+of+characteristics+are+also+calcuA 2914"
lated+enabling+downstream+evaluation+of+ the+ identified+sORF+sequences.+Each+sORF+ is+ 2915"
categorized+ as+ part+ of+ one+of+ 6+ categories;+ 5'UTR,+ exonic,+ intronic,+ 3'UTR,+ ncRNA+and+ 2916"
intergenic+(See+Figure+6.2).+sORFs+starting+on+a+known+aTIS+position+are+discarded.++ 2917"
2918"
Figure' 6.2'Overview. of. the. different. sORF. annotation. categories.. sORFs. are. categorized. 2919"
according.to.the.position.of.their.TIS.relative.to.the.overlapping.(protein&coding).gene..The& 2920"
se.categories.are;.intergenic.(yellow),.exonic.(blue),.intronic.(orange),.3'UTR.(purple),.5'UTR. 2921"
(green). and. ncRNA. (not. shown).. Intronic. and. 5'UTR. are. further. divided. in. subcategories. 2922"
(light.and.dark).based.on.their.possible.(partial).overlap.with.exonic.regions...+ 2923"
For+each+intergenic+sORF+the+distance+to+the+nearest+upA+and+downstream+gene+is+calcuA 2924"
lated.+ For+ each+ 5'UTR,+ exonic+ and+ intronic+ sORF+ the+ percentage+ overlap+ with+ exonic+ 2925"
regions+for+known+Ensembl+transcripts+ is+calculated+and+the+frame+of+the+sORF+is+comA 2926"
pared+to+the+overlapping+transcript+frame.+To+lower+the+number+of+false+positive+identifiA 2927"
cations+(i.e.+sORFs+that+overlap+annotated+true+coding+sequences),+one+can+also+filter+the+ 2928"
assembled+sORF+sequences+based+on+the+overlap+with+known+exonic+regions.+The+coverA 2929"
age+is+calculated+based+on+the+single+genomic+positions+to+which+the+RPF+reads+are+asA 2930"
signed.+RPKM+values+are+calculated+as+described+ in+ Ingolia+et.al.,.2009+where+RPKM+ is+ 2931"
defined+as+the+number+of+RPF+fragments+per+kilobase+of+coding+region+per+million+alignA 2932"
ing+reads+in+the+dataset.+++ 2933"
Conservat ion &ana lys i s &us ing &Phy loCSF & 2934"
The+PhyloCSF+conservation+analysis+uses+speciesAspecific+multiple+alignment+files+(MAF)+ 2935"
as+input+that+can+be+downloaded+from+UCSC+(Dreszer+et+al.,+2012;+Lin+et+al.,+2011).+In+a+ 2936"
first+ step,+ a+multiple+ alignment+ is+ created+ for+ each+ sORF+ sequence+ using+ custom+ Perl+ 2937"
scripts+and+stored+in+the+SQLite+results+database.+Afterwards,+fasta+files+containing+the+ 2938"
data+from+the+sORF+alignments+can+be+constructed+and+analyzed+using+PhyloCSF+(Lin+et+ 2939"
al.,+2011).++ 2940"
+ 2941"
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FLOSS & scor ing & 2942"
For+each+sORF+the+FLOSS+score+can+be+calculated+as+described+ in+ Ingolia+et.al.. (2014).+ 2943"
The+FLOSS+score+is+defined+as:+ 2944"
0,5 ∙ ! ! − !!"#(!)!"!!!" +
where+f(l)+is+the+fraction+of+reads+at+length+l.in+the+sORF+RPF+length+distribution+and+fref(l)+ 2945"
is+the+corresponding+fraction+in+a+reference+distribution.++ 2946"
This+reference+length+distribution+is+first+created,+based+on+the+observed+lengths+of+the+ 2947"
RPFs+situated+in+the+canonical+transcripts+of+proteinAcoding+genes.+ProteinAcoding+tranA 2948"
scripts,+ excluding+ those+overlapping+with+nonAcoding+ transcripts,+ are+derived+ from+ the+ 2949"
Ensembl+annotation+bundle+(stored+in+SQLite).+Second,+for+each+canonical+coding+tranA 2950"
script,+ the+FLOSS+score+ is+ calculated,+ taking+ into+account+both+ the+RPF+ lengths+within+ 2951"
each+ transcript+ and+ the+ overall+ reference+ distribution.+ With+ these+ scores,+ an+ extreme+ 2952"
FLOSS+value+ is+determined+ for+each+number+of+ reads+using+a+ rolling+window+approach+ 2953"
and+Tukey’s+method+ (i.e.+!"#!!"#$%&% = !! + 3 ∙ (!! − !!)+where+Q1+and+Q3+are+ reA 2954"
spectively+the+first+and+the+third+quantile).+These+extremes+are+used+to+calculate+a+Loess+ 2955"
cutoff+smoother.+Finally,+a+RPF+length+distribution+for+each+sORF+is+constructed,+used+in+ 2956"
combination+ with+ the+ reference+ distribution+ and+ the+ cutoff+ smoother+ to+ calculate+ a+ 2957"
FLOSS+score.+Based+on+this+score,+each+sORF+is+classified+as+either+putatively+coding+or+ 2958"
nonAcoding.+ The+ reference+ distribution,+ cutoff+ smoother,+ FLOSS+ scores+ and+ classificaA 2959"
tion+for+each+putative+sORF+are+stored+in+the+result+database.+ 2960"
RIBOsORF & imp lementat ion & 2961"
RIBOsORF+is+available+as+both+a+scriptAbased+(Perl+5)+version+where+each+module+has+to+ 2962"
be+initiated+via+different+commandAline+expressions.+Each+script+includes+a+description+of+ 2963"
the+module+and+information+on+the+different+userAdefinable+parameter+settings.+Next+to+ 2964"
that,+a+Galaxy+ instance+ implementation+has+been+made+available+ that+gives+a+moduleA 2965"
based+visual+front+end+to+the+RIBOsORF+tool+(See+Figure+6.3).+The+complete+RIBOsORF+ 2966"
pipeline+has+also+been+run+using+both+the+mouse+and+human+data+on+our+in+house+galaxy+ 2967"
instance,+enabling+easy+access+to+all+results+(See+Appendix+File+6.4).+ 2968"
+ 2969"
+ 2970"
+ 2971"
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6.2.2! Experimental!procedures! 2972"
Ribosome &p ro f i l i ng & 2973"
Raw+ sequencing+ reads+ of+ the+mouse+ embryonic+ stem+ cells+ (mESC)+ RIBOAseq+ data+ (InA 2974"
golia+ et+ al.,+ 2011)+ were+ downloaded+ from+ the+ Gene+ Expression+ Omnibus+ (dataset+ 2975"
GSE30839).+All+ reads+ from+the+control+ (cycloheximide+ treated,+also+ referred+ to+as+CHX+ 2976"
treated,+sample+GSM765292)+and+harringtonine+treated+(also+referred+to+as+HARR+treatA 2977"
ed,+sample+GSM765295)+were+used.++ 2978"
The+RIBOAseq+experiments+on+ the+human+ colon+ tumor+ (HCT116)+ cells+ are+described+ in+ 2979"
the+ previous+ chapter.+ These+ RIBOAseq+ sequencing+ libraries+ have+ been+ deposited+ in+ 2980"
NCBI's+ Gene+ Expression+ Omnibus+ (Edgar+ et+ al.,+ 2002)+ and+ are+ accessible+ through+ the+ 2981"
GEO+ series+ accession+ number+ GSE58207+ 2982"
(http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE58207).++ 2983"
+ 2984"
 Results$6.3" 2985"
RIBOAseq+ has+ already+ proven+ to+ be+ a+ valuable+ sequencing+ strategy+ in+ order+ to+ (re)A 2986"
annotate+the+genome+(See+Chapter+2+and+5).+Since+its+development,+this+has+also+led+to+a+ 2987"
growing+ interest+ in+putatively+ coding+ sORF+sequences+ (Ingolia,+2014;+Michel+and+BaraA 2988"
nov,+2013).+However,+decent+bioinformatics+tools+and+pipelines,+specifically+designed+to+ 2989"
analyze+RIBOAseq+data,+have+been+ lacking.+As+such,+many+adAhoc+and+difficult+ to+repliA 2990"
cate+approaches+towards+the+identification+of+new+and+putatively+coding+sORF+sequencA 2991"
es+ in+ several+model+ organisms+ have+ been+ devised+ (Aspden+ et+ al.,+ 2014;+ Bazzini+ et+ al.,+ 2992"
2014;+Crappe+et+al.,+2013;+Ingolia+et+al.,+2011).++ 2993"
RIBOsORF,+in+part+based+on+our+RIBOAseq+analysis+method+termed+PROTEOFORMER,+is+ 2994"
specifically+designed+ in+order+to+allow+the+ identification+of+putative+sORF+sequences.+ It+ 2995"
enables+accessible,+ reproducible+and+ transparent+analysis+ through+ integration+with+ the+ 2996"
Galaxy+workflow+system+(Goecks+et+al.,+2010).+In+order+to+test+its+performance,+we+used+ 2997"
RIBOsORF+ to+ identify+ a+ set+ of+ putative+ sORF+ sequences+with+ high+ coding+ potential+ in+ 2998"
both+publicly+available+(mESC+cell+ line)+as+well+as+inAhouse+generated+(HCT116+cell+ line)+ 2999"
RIBOAseq+data.++ 3000"
+ 3001"
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3002"
Figure'6.3'Screenshot.depicting.a.Galaxy.workflow.containing.all.steps.of. the.RIBOsORF. 3003"
tool.pipeline..The.Galaxy.workflow.is.also.available.via.Appendix.File.6.1.' 3004"
6.3.1! Parameter!settings! 3005"
Allowing+multiAmapping+reads+within+the+alignment+step+in+the+RIBOsORF+pipeline,+ led+ 3006"
to+ the+ identification+ of+ many+ sORF+ sequences+ located+ in+ pseudogenes+ (unpublished+ 3007"
results)+after+searching+these+RIBOAseq+derived+sORF+sequence+database+with+matching+ 3008"
shotgun+data+ (for+both+mouse+and+human).+Because+we+ lack+ true+ validation+with+pepA 3009"
tidomics+ data+ (see+ Discussion),+ this+ would+ introduce+ a+ high+ number+ of+ falseApositive+ 3010"
results+in+our+RIBOAseq+centered+approach+and+would+subsequently+limit+the+usefulness+ 3011"
of+ the+ identified+putative+ sORF+sequences.+Therefore,+and+ in+order+ to+arrive+at+a+ strinA 3012"
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gent+set+of+putatively+coding+sORF+sequences+with+high+coding+potential,+only+uniquely+ 3013"
mapping+reads+were+taken+into+account.++ 3014"
At+ the+moment,+ RIBOsORF+ only+ allows+ for+ the+ identification+ of+ single+ exon+ sORF+ seA 3015"
quences.+Those+sORF+sequences+are+assembled+based+on+the+identified+TIS,+passing+the+ 3016"
TISAcalling+ thresholds+ (See+ Material+ and+ Methods).+ We+ applied+ the+ same+ TISAcalling+ 3017"
thresholds+as+described+ in+the+previous+chapter,+optimized+based+on+downstream+pepA 3018"
tide+identification+rates+for+mESC+and+HCT116+aTIS+proteoforms+(Crappe+et+al.,+2014a).+ 3019"
Since+ reported+micropeptides+ can+be+ as+ short+ as+ 11+AA+ (Kondo+et+ al.,+ 2010),+ sORF+ seA 3020"
quences+between+10+and+100+AA+were+allowed.+Furthermore,+sORF+sequences+i)+demonA 3021"
strating+a+more+than+50%+sequence+overlap+to+known+exon+coding+regions,+ii)+ initiating+ 3022"
from+annotated+TIS+and+ iii)+ sORFs+ lacking+elongating+RPFs+ (CHX+treated+sample)+were+ 3023"
discarded.++ 3024"
6.3.2! Filtering!steps! 3025"
Ribosomal & footpr in t & coverage & 3026"
A+number+of+extra+filtering+steps+were+applied+in+the+RIBOsORF+pipeline,+to+further+asA 3027"
certain+translation.+Identified+sORFs+are+first+filtered+based+on+CHX+coverage.+Here,+covA 3028"
erage+ is+defined+as+ the+percentage+of+ the+open+ reading+ frame+to+which+at+ least+1+ riboA 3029"
some+ footprint+ fragment+ could+ be+mapped.+ The+ RPF+ coverage+ cutAoff+ was+ calculated+ 3030"
based+on+the+90th+percentile+of+sORFs+identified+in+the+3'UTR+regions+(likely+nonAcoding)+ 3031"
of+canonical+transcripts+(0.21+for+human+and+0.25+for+mouse).+Although+these+coverage+ 3032"
cutAoffs+ could+ seem+ low+ at+ first+ hand,+ one+ has+ to+ keep+ in+mind+ that+ for+ each+mapped+ 3033"
ribosome+ footprint,+ its+ corresponding+ RPF+ fragment+ read+ covers+ between+ 26A34+ bps.+ 3034"
Setting+the+coverage+cutAoff+at+for+example+0.21+means+that,+assuming+an+even+distribuA 3035"
tion+of+RPF+fragments,+each+filtered+sORF+has+a+RPF+read+based+coverage+of+100%.+This+ 3036"
also+ascertains+that+even+the+shortest+identified+sORF+sequences+(10+AA)+have+at+least+6+ 3037"
reads+mapping+to+their+ORF.++ 3038"
True & t rans la t ion &based &on &FLOSS & score & 3039"
Very+ recently,+ a+ new+ strategy+was+ presented+ that+ enables+ the+ discrimination+ between+ 3040"
true+footprints+(which+predominate+on+coding+sequences)+and+sources+of+contamination+ 3041"
(containing+nonAcoding+RNA)+(Ingolia+et+al.,+2014).+The+metric,+which+compares+a+tranA 3042"
script+specific+RPF+length+distribution+with+a+sample+specific+reference+distribution,+was+ 3043"
termed+the+fragment+ length+organization+similarity+score+or+FLOSS+(See+Appendix+File+ 3044"
6.2).+ This+ purely+ computational+ analysis+ distinguishes+ true+ 80S+ footprints+ in+ RIBOAseq+ 3045"
data+ on+ a+ case+ per+ case+ basis+ and+ can+ be+ applied+ to+ existing+ and+ new+ RIBOAseq+ data+ 3046"
without+a+need+for+experimental+modifications+(Aspden+et+al.,+2014;+Ingolia+et+al.,+2014).+ 3047"
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The+FLOSS+score+is,+hence,+an+ideal+filtering+step+to+enrich+for+actually+translating+sORF+ 3048"
sequences+(See+Figure+6.4AAB).++ 3049"
The+FLOSS+based+classification+is+especially+useful+for+sORFs+identified+in+lncRNAs,+since+ 3050"
the+question+if,+and+more+specifically+to+what+extent,+lncRNAs+act+through+their+translaA 3051"
tional+ sORF+products+ remains+up+ for+debate+ (Guttman+et+al.,+2013;+ Ingolia+et+al.,+2011;+ 3052"
2014).++ 3053"
3054"
Figure' 6.4' FLOSS. distinguishes. true. ribosome. footprints. on. coding. and. non&coding. se& 3055"
quences..(A).Plot.of.the.distribution.of.stringently.identified.sORFs.(green,.See.Table.6.1).on. 3056"
top. of. the. sample. specific. reference. distribution. of. fragment. lengths.mapping. to. nuclear. 3057"
coding.sequences.(CDS,.grey).in.the.mESC.data..(B).Reference.distribution.(grey).compared. 3058"
to.the.fragment.lengths.mapping.to.the.non&coding.RNA.Rmrp.(red).in.the.mouse.data..See. 3059"
Appendix.File.6.2.for.more.information.on.the.FLOSS.reference.distribution.and.classifica& 3060"
tion.of.lncRNA.sORFs..+ 3061"
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Phy logenet i c & conservat ion &by &Phy loCSF & 3062"
Phylogenetic+ conservation+ is+ still+ assumed+ to+ be+ an+ important+ proxy+ to+ functionality.+ 3063"
Most+ of+ the+ already+ identified+micropeptides+ demonstrate+ conservation+ of+ the+ coding+ 3064"
sequence+across+(very)+large+evolutionary+distances+(Crappe+et+al.,+2014b).+Although+this+ 3065"
could+be+explained+by+the+use+of+computational+screenings+(based+on+phylogenetic+conA 3066"
servation)+ in+ order+ to+ identify+ interesting+ targets+ for+ further+ downstream+ in. vivo+ reA 3067"
search,+ it+could+also+point+to+the+role+that+these+micropeptides+play+ in+ (embryonic)+deA 3068"
velopment,+morphogenesis+and+other+very+basic+and+important+biological+processes.++ 3069"
Filtering+on+conservationAbased+protein+coding+potential+was+done+using+the+PhyloCSF+ 3070"
score+ (Lin+et+ al.,+ 2011).+PhyloCSF+ is+ a+ comparative+ tool+ to+distinguish+ coding+and+nonA 3071"
coding+ regions+ based+ on+ an+ empirical+ codon+ substitution+matrix,+ ancestral+ codon+ freA 3072"
quencies+and+a+phylogenetic+tree.+ It+outperforms,+especially+for+short+sequences,+other+ 3073"
methods+such+as+ the+dN/dS+or+PhastCons.+Volders+et.al..benchmarked+PhyloCSF+using+ 3074"
Ensembl+ coding+ and+ nonAcoding+ transcripts+ and+ determined+ that+ 41+ is+ an+ optimal+ 3075"
threshold+ for+ the+ PhyloCSF+ score+ to+ distinguish+ coding+ from+ nonAcoding+ sequences+ 3076"
(Volders+et+al.,+2014).+ 3077"
6.3.3! Identification!of!sORFs!by!RIBOsORF! 3078"
Using+RIBOsORF+we+were+ able+ to+ identify+ a+ total+ of+ 68+ 343+ and+67+ 852+putative+ sORF+ 3079"
sequences+ in+ respectively+ the+mESC+and+HCT116+samples+ (See+Table+6.1).+These+putaA 3080"
tive+sORFs+have+both+a+TIS+that+meets+the+ruleAbased+TIS+identifications+thresholds+and+ 3081"
also+contain+elongating+RPF+fragments.+In+order+to+reduce+this+number+to+a+more+meanA 3082"
ingful+set+of+sORFs,+a+number+of+filtering+steps,+reflecting+coding+potential,+were+applied.+ 3083"
The+influence+of+each+filtering+step+on+the+total+number+of+identified+sORFs+is+shown+in+ 3084"
appendix+file+6.1.++ 3085"
The+ FLOSS+ based+ filter+ has+ the+ lowest+ impact+ on+ the+ number+ of+ identified+ sORF+ seA 3086"
quences+as+more+than+90%+of+the+primary+sORF+set+passes+this+filter.+Although+one+could+ 3087"
question+ the+ validity+ of+ this+ filtering+ approach,+ Ingolia+ et. al.,. proved+ that+ the+ FLOSS+ 3088"
metric+ is+ able+ to+ reliably+ distinguish+ ribosomeAprotected+ mRNA+ fragments+ from+ the+ 3089"
background+present+in+profiling+data+(See+Figure+6.4)+(Ingolia+et+al.,+2014).+This+also+conA 3090"
firms+ that+ the+ applied+ TISAcalling+ algorithm+ is+ able+ to+ enrich+ for+ truly+ coding+ regions+ 3091"
using+LTM+or+HARR+treated+RIBOAseq+data.+++ 3092"
Table'6.1'Overview.of.identified.putative.sORFs.by.RIBOsORF.with.CHX.coverage.>.0..For. 3093"
each.annotation.class,.the.total.number.of.identified.sORFs.is.shown,.as.well.as.the.number. 3094"
of.sORFs.passing.each.of.the.filter.settings.(in.a.cumulative.way)..The.coverage.filter.uses. 3095"
coverage. information.from.3'UTR.sORFs.(likely.non&coding)..The.translation.filter. is.based. 3096"
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on.the.FLOSS.score.(Ingolia+et+al.,+2014),.conservation.is.analyzed.using.UCSC.MAF.files.in. 3097"
combination.with. PhyloCSF. (Lin+ et+ al.,+ 2011).. The. influence. of. each. filtering. step. on. the. 3098"
total.number.of.identified.sORFs.can.be.seen.in.appendix.file.6.1.. 3099"
+ mESC& &HCT116&
5'UTR&sORFs& 23&593& 17&923&
Coverage.. 7.360. 6.069.
Translation. 5.778. 5.605.
Conservation'' 296' 404'
Exonic&sORFs& 33&741& 37&046&
Coverage.. 4.199. 1.583.
Translation.. 4.093. 1.391.
Conservation'' 231' 98'
Intronic+sORFs+ 4&554& 4&373&
Coverage.. 637. 617.
Translation.. 604. 567.
Conservation'' 95' 134'
3'UTR&sORFs& 1&025& 1&435&
Coverage.. 200. 193.
Translation.. 189. 181.
Conservation' 40' 37'
ncRNA&sORFs& 1&412& 3&065&
Coverage.. 377. 635.
Translation.. 195. 566.
Conservation'' 14' 60'
Intergenic&sORFs& 4&018& 4&010&
Coverage.. 479. 282.
Translation.. 373. 221.
Conservation'' 34' 28'
In+contrast,+the+PhyloCSF+based+conservation+filter+has+the+biggest+ impact+on+the+total+ 3100"
number+of+ identified+ sORFs,+withholding+only+~10%+of+ the+ identified+ sORF+ sequences.+ 3101"
This+ ascertains+high+phylogenetic+ conservation+ for+ each+ sORF+ in+ the+ stringent+ set,+but+ 3102"
the+possibility+of+missed+identifications+cannot+be+ruled+out.+Inaccuracies+in+the+multiple+ 3103"
alignments+files+could+lead+to+missed+identifications;+while+PhyloCSF+has+excellent+speciA 3104"
ficity,+discrimination+of+very+short+regions+(<16+AA)+tends+to+include+more+false+negative+ 3105"
identifications+(Lin+et+al.,+2011).+However,+it+remains+to+be+confirmed+that+conservation+is+ 3106"
a+ typical+ characteristic+ of+ sORFAencoding+ genes.+ Since+most+ discovered+micropeptide+ 3107"
genes+result+from+large+genetic+and+computational+screenings+that+focus+on+phylogenetA 3108"
ic+conservation+as+a+proxy+to+functionality,+this+might+introduce+a+bias+towards+the+idenA 3109"
tification+of+highly+conserved+sORFs.++ 3110"
Since+true+validation+with+peptidomic+or+proteomic+data+ is+ lacking,+good+RPF+coverage+ 3111"
is,+for+the+moment,+still+indispensable+in+order+to+arrive+at+meaningful+results.+By+applyA 3112"
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ing+the+different+ filtering+steps+ in+a+cumulative+way,+a+very+stringent+set+of+highly+conA 3113"
served,+translated+and+putatively+coding+sORFs+was+obtained+(See+Table+6.1+and+AppenA 3114"
dix+File+6.3).++ 3115"
6.3.4! Annotation!classes! 3116"
Recent+RIBOAseq+based+annotation+studies+revealed+that+translational+activity+was+much+ 3117"
more+widespread+as+previously+thought.+Extensive+translation+in+the+5'+leader+sequence+ 3118"
of+mRNAs+was+discovered+and+confirmed+in+many+RIBOAseq+experiments+on+eukaryotes+ 3119"
(Gerashchenko+et+al.,+2012;+Ingolia+et+al.,+2009;+Koch+et+al.,+2014).+Not+surprisingly,+many+ 3120"
of+ the+ identified+ sORFs+ lie+ within+ 5'UTR+ regions.+ One+ theory+ is+ that+ these+ soAcalled+ 3121"
uORFs+do+not+encode+functional+peptides,+but+play+a+regulatory+role+reducing+the+level+of+ 3122"
downstream+coding+ORF+translation+(Pauli+et+al.,+2014b).+Even+though+this+could+be+true+ 3123"
for+ most+ uORFs,+ the+ high+ conservation+ level+ of+ some+ of+ these+ stringently+ identified+ 3124"
sORFs+ in+ 5'UTR+ regions+ could+be+an+ interesting+ starting+point+ for+ further+ investigation+ 3125"
(Andrews+and+Rothnagel,+2014).+For+example,+ in+ the+hair+growthAassociated+ (HR)+ tranA 3126"
script,+missense+mutations+within+ the+ second+ uORF+ (U2HR)+ result+ in+ early+ hair+ loss+ in+ 3127"
Marie+Unna+hereditary+hypotrichosis+patients.+The+encoded+34+AA+peptide+is+also+highly+ 3128"
conserved+in+more+than+15+mammalian+species,+suggesting+a+role+for+the+peptide+prodA 3129"
uct+rather+than+the+uORF+itself+(Wen+et+al.,+2009).++ 3130"
The+sORFs+identified+in+exonic+and+intronic+regions+have+a+slightly+higher+chance+of+beA 3131"
ing+ false+ positives,+ since+ these+ are+ identified+ in+ often+ highly+ conserved+ regions+with+ a+ 3132"
high+background+signal+attributable+to+known+proteinAcoding+genes.+A+recent+RIBOAseq+ 3133"
study,+however,+estimated+that+>1%+of+human+proteinAcoding+genes+show+translation+of+ 3134"
more+than+1+reading+frame+(Michel+et+al.,+2012).+RIBOsORF+also+checks+whether+identiA 3135"
fied+sORFs+that+overlap+with+an+annotated+exonic+region+are+out+of+frame+with+the+unA 3136"
derlying+ transcript+ (See+Figure+6.3+and+6.5).+For+example+ in+ the+HCT116+sample,+RIBOA 3137"
sORF+identified+13+(out+of+98)+exonic+sORFs+as+being+out+of+frame+with+the+overlapping+ 3138"
proteinAcoding+gene,+which+makes+them+interesting+targets+for+research+on+dualAcoding+ 3139"
regions.+Furthermore,+sORFs+annotated+as+completely+intronic+are+also+worth+looking+at+ 3140"
(128+ out+ of+ 134+ for+ human).+ These+ could+ point+ to+ incomplete+ or+ wrong+ annotation+ of+ 3141"
underlying+transcripts/genes.+However,+ recent+ research+also+points+ for+example+to+pioA 3142"
neer+translation+products+originating+from+intronic+regions,+amongst+others,+as+an+alterA 3143"
native+ source+ of+ peptide+ antigens+ (Apcher+ et+ al.,+ 2013;+ Van+ Damme+ and+Menschaert,+ 3144"
2013).+ 3145"
+ 3146"
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3147"
Figure' 6.5'Overview. of. the. identified. sORFs. with. RIBO&seq. evidence. in. the. mESC. data. 3148"
subdivided.based.on.their.annotation.category. (See.also.Table.6.1)..Each.sORF. is.catego& 3149"
rized.as.part.of.one.of.6.categories;.5'UTR,.exonic,. intronic,.3'UTR,.ncRNA.and. intergenic. 3150"
(See. Figure. 6.2).. Furthermore,. sORFs. overlapping. 5'UTR. and. intronic. regions. are. further. 3151"
subcategorized.based.on. their.possible.overlap.with.exonic. regions..Exonic.sORFs.are. fur& 3152"
ther. subcategorized. as. either. in&. or. out&of&frame. with. overlapping. exonic. regions. of. the. 3153"
underlying.transcript.... 3154"
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Intergenic+sORFs+do+not,+by+their+definition,+overlap+with+any+known+or+annotated+tranA 3155"
script+and/or+gene.+These+could+however+point+to+sORFAencoding+genes+that+remain+to+ 3156"
be+characterized.+For+example,+a+functional+assay+of+473+intergenic+sORFs+in+Arabidopsis. 3157"
led+ to+ the+ identification+ of+ 49+ sORFs+ that+ produced+ visible+ phenotypes+ when+ overexA 3158"
pressed+(Hanada+et+al.,+2013).+Within+the+set+of+identified+intergenic+sORFs,+two+distinct+ 3159"
classes+of+ sORFs+ can+be+ found,+ this+ is+ especially+ apparent+ in+ the+mouse+mESC+data.+A+ 3160"
first+ class+ of+ sORFs+ is+ found+ in+ the+ proximity+ of+ known+ and+ annotated+ proteinAcoding+ 3161"
genes+(<200+bp,+19+sORFs),+others+are+located+at+a+larger+distance+(several+kb,+15+sORFs).+ 3162"
While+the+first+class+could+point+to+misAannotation+of+the+transcript,+ in+fact+overlapping+ 3163"
exonic+ regions+ of+ unAidentified+ alternative+ proteoforms+ or+ uORF+ sequences,+ the+ latter+ 3164"
consists+of+unknown+and+yet+to+be+annotated+putative+sORFAencoding+transcripts.++ 3165"
sORFs+are+also+identified+in+the+3'UTR+trailer+sequence+of+proteinAcoding+transcripts+and+ 3166"
since+these+regions+are+believed+to+be+really+not+translated,+not+much+attention+has+been+ 3167"
given+ to+ sORF+ sequences+ within+ these+ UTRs.+ However,+ recent+ RIBOAseq+ studies+ have+ 3168"
shown+ that+ these+ 3'UTR+ regions+ are+ translated+ in+ a+ process+ described+ as+ stop+ codon+ 3169"
readAthrough+(Dunn+et+al.,+2013;+Loughran+et+al.,+2014).+Considering+the+fact+that+these+ 3170"
are+on+average+ longer+as+their+5'+counterparts,+these+3'UTRs+could+be+expected+to+conA 3171"
tain+some+interesting+findings.++++ 3172"
Most+functionally+characterized+micropeptides+(See+Chapter+3.2),+are+ located+ in+former+ 3173"
ncRNA+transcripts+(Kondo+et+al.,+2010;+Magny+et+al.,+2013).+Since+the+advent+of+the+RIBOA 3174"
seq+technique,+attention+for+lncRNAs+as+a+likely+source+for+possible+sORF+sequences+has+ 3175"
increased+ (See+next+Paragraph).+Furthermore,+proteomic+evidence+has+been+presented+ 3176"
showing+ that+ sORFs+ originating+ from+ antisense+ and+ unAannotated+ transcripts+ are+ exA 3177"
pressed+in+human+cells+(Slavoff+et+al.,+2013).+In+this+class+of+ncRNAs,+our+RIBOsORF+pipeA 3178"
line+also+identified+several+putative+sORFs+with+high+coding+potential+in+both+the+human+ 3179"
and+mouse+sample.++ 3180"
6.3.5! Validation!of!sORFs!using!LNCipedia! 3181"
If+ and+ to+ what+ extent+ lncRNAs+ are+ nonAcoding+ and/or+ act+ through+ encoded+ sORFs+ is+ 3182"
subject+for+discussion.+In+any+case,+the+interest+in+sORFAencoding+lncRNAs+grew+remarkA 3183"
ably+since+the+advent+of+the+ribosome+profiling+technique+(Bazzini+et+al.,+2014;+Crappe+et+ 3184"
al.,+ 2013;+ Ingolia+ et+ al.,+ 2011;+ Ingolia,+ 2014;+ RuizAOrera+ et+ al.,+ 2014)+ (See+ also+ Chapter+ 3185"
3.5.1).+ Using+ RIBOsORF+ we+ were+ able+ to+ stringently+ identify+ a+ set+ of+ 5+ sORFs+ in+ the+ 3186"
HCT116+ sample+ that+ could+ be+ assigned+ to+ two+ different+ lncRNA+ genes+ (See+Appendix+ 3187"
File+6.5).+Since+no+mass+spectrometry+data+is+available+to+corroborate+these+findings+(See+ 3188"
Discussion),+we+ chose+ to+map+ these+ sORFs+ to+ data+ available+ through+ LNCipedia+ in+ an+ 3189"
attempt+to+validate+our+findings+(Volders+et+al.,+2014).++ 3190"
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LNCipedia+ is+ a+ publicly+ available+ online+ repository+ of+ annotated+ human+ lncRNA+ tranA 3191"
scripts.+A+combination+of+published+research+results,+stringent+conservation+analysis+and+ 3192"
largeAscale+reprocessing+of+publicly+available+proteomics+data+is+used+to+assess+the+proA 3193"
tein+coding+potential+of+ these+ lncRNA+transcripts+ (Bazzini+et+al.,+2014;+Lee+et+al.,+2012;+ 3194"
Lin+et+al.,+2011;+Vizcaíno+et+al.,+2013;+Volders+et+al.,+2014).+We+compared+each+stringently+ 3195"
identified+ lncRNA+ sORF+ within+ the+ human+ data+ set+ with+ the+ protein+ coding+ potential+ 3196"
assessment+in+LNCipedia.+Both+of+the+lncRNAs+in+which+we+identified+putative+sORFs+are+ 3197"
classified+as+potentially+protein+coding+in+LNCipedia.+The+first+lncRNA+(LNCIpedia+ID+lncA 3198"
SPATA21A2:1)+had+matching+proteomics+data+obtained+after+reAanalysis+of+public+PRIDE+ 3199"
MS+experiments+ (Vizcaíno+et+al.,+2013).+A+peptide,+overspanning+our+sORF,+was+ identiA 3200"
fied+ with+ a+ 92%+ confidence+ level.+ The+ second+ lncRNA+ + (LNCipedia+ ID+ lncANPHP1A1:5)+ 3201"
overlapped+with+a+sORF+identified+in+a+study+by+Bazzini+et+al,+2014,+the+same+sORF+as+we+ 3202"
identified+using+RIBOsORF+(See+Figure+6.6+and+Appendix+File+6.5).+++ 3203"
3204"
Figure'6.6'Example.of. the. identified. sORF. in.a. lncRNA. region..Depicted. is. the. conserved. 3205"
lncRNA.sORF.that.was.identified.in.both.the.mouse.(Fig..6.5A).and.human.(Fig..6.5B).data.. 3206"
The.UCSC.genome.browser.was.used.to.create.a.view.of.the.RIBO&seq.data..The.different. 3207"
tracks.are. from.top.to.bottom:.LTM/HARR.treated.RIBO&seq.data,.CHX&treated.RIBO&seq. 3208"
data,.UCSC.genes,.placental.conservation.and.phylogenetic.conservation... 3209"
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As+ already+ mentioned,+ LNCipedia+ only+ contains+ human+ lncRNAs+ and+ no+ comparable+ 3210"
speciesAspecific+ data+ resource+ is+ available+ to+ validate+ our+mouse+ results.+We+ used+ the+ 3211"
blast+tool+to+map+our+mouse+lncRNA+sORF+candidates+against+human+orthologues+(Gish+ 3212"
and+States,+ 1993).+ The+ 3+ identified+ sORFs+ that+were+ located+within+mouse+ lncRNA+ reA 3213"
gions,+overlapped+2+different+lncRNA+transcripts.+One+did+not+result+in+a+significant+blast+ 3214"
match+using+either+ the+peptide+or+ the+DNA+sequence.+The+other+however+ resulted+ in+a+ 3215"
blastp+hit+to+a+human+lncRNA+LINC00116+(LNCipedia+ ID+ lncANPHP1A1:5,+EAvalue+7eA30).+ 3216"
This+is+the+same+lncRNA+and+the+exact+same+sORF+(with+almost+complete+AA+conservaA 3217"
tion)+that+was+identified+in+the+human+HCT116+sample+and+that+overlapped+a+sORF+idenA 3218"
tification+ from+ the+ study+ of+ Bazzini+ et+ al,+ 2014+ (See+ Figure+ 6.6+ and+Appendix+ File+ 6.5)+ 3219"
(Bazzini+ et+ al.,+ 2014).+We+ also+ previously+ identified+ this+ sORF+ using+ a+ genomeAwide+ in. 3220"
silico+prediction+approach+(See+Chapter+4)+(Crappe+et+al.,+2013).+ 3221"
+ 3222"
 Discussion$6.4" 3223"
RIBOsORF+ is+ the+ first+publicly+available+bioinformatics+analysis+pipeline+specifically+ taiA 3224"
lored+towards+the+identification+of+single+exon+sORF+sequences.+Currently,+only+a+limited+ 3225"
number+of+ribosome+profiling+datasets+can+be+analyzed,+which+is+mainly+due+to+the+fact+ 3226"
that+both+CHX+and+LTM/HARR+treated+data+is+necessary+as+input.+The+implementation+of+ 3227"
our+RIBOsORF+pipeline+in+the+Galaxy+framework+(Goecks+et+al.,+2010),+and+possible+inteA 3228"
gration+ with+ PROTEOFORMER+ (Crappe+ et+ al.,+ 2014a),+ will+ certainly+ allow+ straightforA 3229"
ward+analysis+and+sORF+ identification+of+ future+datasets,+enabling+the+ integration+with+ 3230"
matching+ proteomics/peptidomics+ mass+ spectrometry+ data.+ Through+ userAdefinable+ 3231"
parameter+ settings,+ RIBOsORF+ provides+ the+ flexibility+ to+ identify+ sORFs+ either+ very+ 3232"
stringently,+ when+ limited+ validation+ is+ at+ hand,+ or+ less+ stringent+ when+ for+ example+ 3233"
matching+peptidomics+data+is+available.++ 3234"
6.4.1! RIBOsORF!development! 3235"
RIBOsORF+consists+of+a+number+of+modules+build+around+an+SQLite+database+for+result+ 3236"
storage,+making+ the+ pipeline+ very+ flexible+ and+ facilitating+ tool+ expansions.+At+ the+moA 3237"
ment,+RIBOsORF+only+takes+into+account+single+exon+sORF+sequences,+since+most+funcA 3238"
tionally+characterized+micropeptideAencoding+genes+consist+of+(polycistronic)+small+sinA 3239"
gle+exon+open+reading+frames+(Kondo+et+al.,+2010;+Magny+et+al.,+2013).+These+are+someA 3240"
times+referred+to+as+'dwarf'+sORFs+(Aspden+et+al.,+2014).+To+make+RIBOsORF+as+compreA 3241"
hensible+as+possible,+a+next+version+of+this+tool+will+also+take+splice+information+into+acA 3242"
count;+uORFs+ for+example+can+span+multiple+exons.+More+and+more+ focus+ is+placed+on+ 3243"
identification+of+ this+ class+of+multiAexonic+ 'longer'+ sORF+ sequences.+One+could+argue+ if+ 3244"
these+are+truly+putative+micropeptides+or+just+short+proteins+discarded+in+the+past+due+to+ 3245"
122! Part"3:"Ribosome"Profiling"
"
arbitrary+ length+cutAoffs+ in+genome+annotation+projects+(Frith+et+al.,+2006b).+NevertheA 3246"
less,+this+class+of+sORFs+could+herald+important+findings+(Aspden+et+al.,+2014;+Bazzini+et+ 3247"
al.,+2014).++ 3248"
Next+ to+ improvements+ on+ the+ assembly+ module,+ other+ (filtering)+ modules+ will,+ when+ 3249"
available,+also+be+added+in+the+near+future.+RIBOsORF+now+uses+a+ruleAbased+approach+ 3250"
towards+ the+ identification+ of+ TIS+ sites+ in+ treated+ RIBOAseq+ data.+ This+ ruleAbased+ apA 3251"
proach+treats+each+position+as+equally+important+when+analyzing+TIS+sites.+Since+all+riboA 3252"
somes+move+from+5'+to+3'+direction+following+the+leaky+scanning+process,+ribosomes+on+ 3253"
downstream+TIS+sites+could+be+given+a+greater+weight+(probability)+during+TIS+prediction+ 3254"
(Michel+et+al.,+2014).++ 3255"
Some+studies+also+used+ the+codon+periodicity+of+RIBOAseq+data+as+a+means+ to+ identify+ 3256"
open+reading+frames+(Bazzini+et+al.,+2014;+Guo+et+al.,+2010;+Michel+et+al.,+2012).+One+such+ 3257"
measure,+ the+ORFscore,+quantifies+ this+biased+distribution+and+was+specifically+used+to+ 3258"
identify+new+sORF+sequences+in+zebrafish+and+human+(Bazzini+et+al.,+2014).+For+well+covA 3259"
ered+sORFs,+this+triplet+periodicity+of+RPFs+along+the+CDS+sequences+could+in+theory+be+ 3260"
used+ to+ split+ the+RIBOAseq+based+ translation+signal+ in+ these+soAcalled+dually+coding+ reA 3261"
gions+(Michel+and+Baranov,+2013)."The+incorporation+of+multiple+approaches+to+identify+ 3262"
sORF+ sequences+will+ result+ in+ a+ comprehensive+RIBOsORF+pipeline+ and+ a+ userAfriendly+ 3263"
analysis+toolbox+for+RIBOAseq+based+sORF+research.++ 3264"
6.4.2! Lack!of!matching!MS!data! 3265"
Ribosome+ profiling+ can+ however+ only+ provide+ us+ with+ an+ indirect+ measure+ of+ protein+ 3266"
levels,+making+mass+spectrometry+validation+often+ indispensable+(Crappe+et+al.,+2014a;+ 3267"
SternAGinossar+et+al.,+2012).+However,+few+studies+exist+where+the+technique+is+used+to+ 3268"
identify+micropeptides+or+small+proteins+(Ma+et+al.,+2014;+Slavoff+et+al.,+2013).+Most+if+not+ 3269"
all+of+the+via+this+way+identified+polypeptides+stretch+multiple+exons,+as+such+there+status+ 3270"
as+ true+ micropeptides+ is+ at+ least+ debatable.+ New+ mass+ spectrometry+ techniques+ and+ 3271"
other+functional+approaches+will+be+indispensable+in+the+near+future+to+identify+and+funcA 3272"
tionally+describe+these+sORFAencoded+micropeptides.++ 3273"
+ 3274"
 Conclusion$6.5" 3275"
In+conclusion,+we+developed+a+new+analysis+pipeline,+ termed+RIBOsORF.+ It+enables+ the+ 3276"
processing+of+RIBOAseq+data+and+can+be+optimized+based+on+userAdefinable+parameter+ 3277"
settings+ in+order+to+ identify+all+ single+exon+sORFs+within+a+species+of+ interest.+The+tool+ 3278"
includes+a+mapping+module+enabling+genomeAwide+visualization+of+ribosome+occupancy+ 3279"
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on+ a+ genome+browser+ of+ choice.+ It+ also+ includes+ a+ TIS+ calling+ algorithm+and+ assembly+ 3280"
module+ that+allows+ for+ the+delineation+of+ the+ORFs+of+all+ single+exon+ small+ translation+ 3281"
products,+ based+ on+ initiating+ ribosome+ footprint+ accumulation+ obtained+ upon+ 3282"
LTM/HARR+treatment.+ It+furthermore+allows+filtering+for+protein+coding+potential+using+ 3283"
the+phylogenetic+conservation+module+based+on+PhyloCSF+and+the+true+translation+filter+ 3284"
based+on+ FLOSS.+Using+RIBOsORF+and+ after+ applying+ the+different+ filtering+ steps+ in+ a+ 3285"
cumulative+way,+a+very+stringent+set+of+highly+conserved,+translated+and+putatively+codA 3286"
ing+sORFs+is+obtained.+This+set+of+identified+putative+sORFs+forms+an+ideal+starting+point+ 3287"
for+downstream+validation+using+mass+ spectrometry+and+ subsequent+ in. vivo. functional+ 3288"
characterization.+++ 3289"
+ 3290"
 Authors'$Contributions$6.6" 3291"
JC+and+GM+designed+research;+JC,+SV,+GM+developed+the+RIBOsORF+scriptAbased+version+ 3292"
and+Galaxy+ implementation;+ JC+ and+SV+analyzed+ ribosome+profiling+data;+ JC+ analyzed+ 3293"
proteomics+ data;+ JC,+ SV+ and+GM+wrote+ the+ paper;+ GM+ supervised+ the+ research;+WVC+ 3294"
advised+on+research.++ 3295"
" 3296"" 3297"
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Conclusion! 3324"
After+completing+the+human+genome+project+in+2001+using+Sanger+sequencing,+interest+ 3325"
in+novel+and+cheaper+highAthroughput+sequencing+technologies+emerged.+This+enabled+a+ 3326"
paradigm+shift+in+life+science+research+from+single+gene+studies+towards+the+study+of+the+ 3327"
whole+composition+of+those+molecules.+This+soAcalled+'omics.revolution'+facilitated+largeA 3328"
scale+annotation+projects+and+the+creation+of+reference+genomes+for+a+plethora+of+speA 3329"
cies.+Due+ to+ various+biases+ and/or+ simplifications+ introduced+ in+ these+discovery+ strateA 3330"
gies,+many+classes+of+molecules+have+been+overlooked+ in+the+past+ (Andrews+and+RothA 3331"
nagel,+2014;+Hashimoto+et+al.,+2008).+At+the+time+it+was+assumed,+in+order+to+reduce+the+ 3332"
number+ of+ false+ positive+ identifications,+ that+ proteinAcoding+ genes+ did+ not+ code+ for+ 3333"
translation+products+shorter+than+100+AAs.+This+was+the+main+reason+why+micropeptides,+ 3334"
translated+ from+ sORFAencoding+ genes,+ were+ completely+ missed+ in+ largeAscale+ cDNA+ 3335"
annotation+ studies+until+ recently+ (Carninci+ et+al.,+ 2005;+Dinger+et+al.,+ 2008;+Frith+et+al.,+ 3336"
2006a).++ 3337"
Based+on+ this+observation,+we+performed+a+ first+ in+ its+kind+systematic+ search+ for+putaA 3338"
tively+functional+sORFs+in+a+mammalian+genome+(Mus.musculus).+The+combination+of+in. 3339"
silico. genomeAwide+ prediction+ and+ experimental+ translation+ evidence+ proved+ to+ be+ a+ 3340"
powerful+ combination+ in+ the+ identification+ of+ interesting+ sORF+ sequences,+ putatively+ 3341"
encoding+micropeptides.+Many+highly+ conserved+and+unannotated+ sORFs,+ targeted+by+ 3342"
ribosomes,+were+identified+in+ncRNA+and+intergenic+regions+of+the+mouse+genome+using+ 3343"
this+ in. silico. method+ (See+ Chapter+ 4).+ For+ example,+ the+ sORF+ identified+ in+ lncRNA+ 3344"
1500011K16Rik,+confirmed+by+our+RIBOsORF+pipeline+(See+Chapter+6)+in+both+human+and+ 3345"
mouse+data+was+very+recently+also+identified+by+an+independent+group,+using+a+different+ 3346"
human+cell+line+(Bazzini+et+al.,+2014).++ 3347"
However,+the+in.silico.generated+prediction+score,+as+outlined+in+chapter+4+has+its+limitaA 3348"
tions.+We+used+ sORFfinder+ to+ filter+ the+ initial+ number+of+ sORFs+ in+ the+mouse+genome+ 3349"
based+on+the+coding+index,+thus+introducing+both+false+positive+and+false+negative+identiA 3350"
fications+(Hanada+et+al.,+2010).+Moreover,+the+applied+conservation+analysis+depends+on+ 3351"
the+ correctness+ of+ the+ underlying+multiple+ species+ sequence+ alignment.+ If+ little+ or+ no+ 3352"
information+is+available,+the+method+cannot+assess+the+coding+potential+of+these+sORFs,+ 3353"
possibly+ overlooking+ potentially+ interesting+ sORF+ encoding+ genes.+ At+ the+ same+ time,+ 3354"
highly+divergent+or+quickly+diverging+sORFs+are+also+missed.++ 3355"
Another+ shortcoming+of+our+ initial+ approach+became+apparent+ after+ the+advent+of+ the+ 3356"
new+ribosome+profiling+technique.+Combining+the+ability+of+ribosomes+to+protect+a+footA 3357"
print+ of+ mRNA+ template+ from+ nuclease+ digestion+ and+ next+ generation+ sequencing+ to+ 3358"
sequence+these+stretches+of+protected+mRNA+provides+comprehensive+measurement+of+ 3359"
in.vivo.translation+with+subcodon+to+singleAnucleotide+precision+(Ingolia+et+al.,+2011).+One+ 3360"
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of+the+most+striking+findings+based+on+recent+ribosome+profiling+studies+was+the+omniA 3361"
presence+of+nearAcognate+start+sites,+especially+ in+short+CDS+sequences+such+as+uORFs+ 3362"
and+sprcRNAs+(Brar+et+al.,+2012;+Gerashchenko+et+al.,+2012;+Ingolia+et+al.,+2011;+Koch+et+ 3363"
al.,+ 2014).+Since+ the+ first+ step+ in+our+genomeAwide+ in. silico.prediction+was+built+ around+ 3364"
sORFfinder,+only+taking+into+account+cognate+(ATG)+start+sites,+we+missed+a+significant+ 3365"
number+ of+ putative+ sORF+ sequences.+ Exclusion+ of+ this+ first+ filtering+ step+ based+ on+ 3366"
sORFfinder+was+however+not+possible,+since+this+would+create+a+computational+burden+in+ 3367"
the+already+processor+intensive+sORF+prediction+method.+To+overcome+this+in.silico.preA 3368"
diction+bottleneck,+we+decided+to+completely+reverse+our+identification+strategy,+starting+ 3369"
from+ sORFs+ demonstrating+ translation+ evidence+ in+ ribosome+ profiling+ studies,+ afterA 3370"
wards+performing+the+necessary+in.silico+analyses.+++ 3371"
The+ true+ strength+of+RIBOAseq+ consists+of+ the+use+of+different+ antibiotic+ treatments+ in+ 3372"
order+ to+ stall+ or+ block+ initiating+ and+ elongating+ ribosomes.+ Combining+ both+ CHX+ and+ 3373"
LTM/HARR+treated+RIBOAseq+data+enables+the+prediction+of+open+reading+frames+based+ 3374"
on+ ribosome+ occupancy,+ in+ fact+ characterizing+ a+ time+ and+ space+ specific+ translatome.+ 3375"
However,+RIBOAseq+ is+a+ relatively+new+sequencing+strategy.+Specialized+bioinformatics+ 3376"
tools+and+analysis+pipelines+are+still+lacking.+++ 3377"
Thus+we+created+PROTEOFORMER,+a+first+publicly+available+analysis+pipeline+specifically+ 3378"
tailored+ towards+ the+ bioinformatics+ analysis+ of+ RIBOAseq+ data.+ It+ takes+ RIBOAseq+ data+ 3379"
from+ both+ initiating+ and+ elongating+ ribosomes.+ It+maps+ ribosome+ protected+ fragment+ 3380"
reads+ to+ a+ reference+ genome,+ checks+ the+ quality+ of+ the+ sequencing+ runs,+ determines+ 3381"
those+ transcripts+with+ evidence+ of+ translation,+ identifies+ translation+ initiation+ sites,+ inA 3382"
cludes+SNP+information+and+finally+enables+the+generation+of+a+RIBOAseq+derived+transA 3383"
lation+database+for+subsequent+mass+spectrometry+validation.++ 3384"
Methods+ developed+ in+ an+ academic+ setting+ tend+ to+ have+ shortcomings:+ these+ are+ freA 3385"
quently+only+built+for+a+very+specific+research+question,+not+user+friendly+or+very+hard+to+ 3386"
implement.+ Over+ the+ last+ couple+ of+ years+ progress+ has+ been+ made+ into+ developing+ 3387"
standard+frameworks+such+as+Galaxy,+enabling+the+use+of+complex+commandAline+packA 3388"
ages+in+a+clickAandAdrag+interface+(Goecks+et+al.,+2010).+Galaxy+has+gotten+quite+popular+ 3389"
recently+and+is+now+commonplace+in+the+genomics+research+community+and+making+its+ 3390"
way+into+the+proteomics+field+as+well.++ 3391"
The+underlying+goal+of+developing+PROTEOFORMER+was+to+create+a+pipeline,+within+a+ 3392"
very+ userAfriendly+ package,+ that+ enabled+ fast+ and+ easy+ analysis+ of+ RIBOAseq+ data+ toA 3393"
wards+answering+a+plethora+of+research+questions.+Although+the+tool+is+made+up+of+sevA 3394"
eral+Perl,+R+and+Shell+command+line+scripts+and+uses+SQL+databases+for+storage,+its+imA 3395"
plementation+within+Galaxy,+and+the+availability+of+different+workflows,+makes+it+a+very+ 3396"
easy+ and+ useful+ tool+ for+ many+ biologists+ interested+ in+ RIBOAseq+ based+ (proteoA)+ geA 3397"
nomics+ research.+ PROTEOFORMER+ (and+ RIBOsORF)+ were+ initially+ applied+ on+ human+ 3398"
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and+mouse+ RIBOAseq+ data.+ These+ pipelines+ are+ readily+ applicable+ to+ a+ wider+ range+ of+ 3399"
species,+and+have+already+been+successfully+used+on+Arabidopsis+thaliana+and+Drosophila. 3400"
melanogaster+RIBOAseq+data.+Underlying+annotation+bundles+ (available+ from+ Igenomes+ 3401"
and+Ensembl)+need+to+be+available+to+process+the+species+of+choice.+ 3402"
The+knowledge+gathered+from+building+the+PROTEOFORMER+pipeline+was+immediately+ 3403"
applied+ to+ tackle+ the+ identification+of+ putatively+ coding+ sORFs+by+means+of+ the+RIBOA 3404"
sORF+pipeline.+In+contrast+to+the+approach+used+in+chapter+4,+we+now+started+from+RIBOA 3405"
seq+data+(experimental+evidence)+to+identify+all+single+exon+sORF+sequences.+This+part+of+ 3406"
the+ pipeline+ includes+ the+mapping,+ TIS+ calling+ and+ sORF+ assembly+modules+ and+ takes+ 3407"
approximately+five+hours+to+complete.+In+comparison,+the+genomeAwide+identification+of+ 3408"
all+ATG+sORFs+with+sORFfinder+took+almost+3+months+using+the+same+infrastructure.++ 3409"
Next+to+speed+improvement,+the+RIBOsORF+pipeline+is+also+more+comprehensive+taking+ 3410"
into+ account+ nearAcognate+ TIS,+ which+ are+ completely+ ignored+ in+ our+ first+ approach.+ 3411"
When+we+ look+at+the+total+number+of+sORFs+ identified+based+on+RIBOsORF,+75A80%+of+ 3412"
them+start+from+a+nearAcognate+TIS,+if+we+only+take+into+account+the+most+stringent+set,+ 3413"
this+number+further+grows+to+around+85A90%.+Furthermore,+its+modular+approach+allows+ 3414"
for+ easy+ expandability+when,+ for+ example,+ new+ filtering+ option+ become+ available.+ The+ 3415"
FLOSS+score+was+only+published+very+recently+(August,+2014),+but+already+proved+to+be+ 3416"
an+ ideal+ filtering+ step+ to+ distinguish+ true+ translation+ from+background+RNA+ fragments+ 3417"
(Ingolia+et+al.,+2014).++ 3418"
Results+ of+ both+RIBOsORF+ and+ our+ in. silico+ pipeline+ overlap+ remarkably+well+ for+ those+ 3419"
sORFs+ that+ could+ be+ identified+ via+ both+ approaches.+ 102+ of+ the+ 122+ sORFs+ identified+ 3420"
within+ intergenic+ regions+ (based+ on+ the+ in. silico. prediction)+ and+ with+ at+ least+ 5+ RPFs+ 3421"
mapped+ to+ their+ start+ site,+were+ also+ identified+ by+ RIBOsORF.+ The+ overlap+ for+ ncRNA+ 3422"
sORFs+is+lower+because+the+in.silico+pipeline+allowed+for+the+identification+of+sORFs+withA 3423"
in+ ncRNA+ regions+ partially+ overlapping+ proteinAcoding+ genes,+ making+ RIBOsORF+ the+ 3424"
more+stringent+method+with+the+lowest+number+of+possible+false+positives.++ 3425"
On+the+other+hand,+a+genomeAwide+ identification+approach+definitely+has+ its+place+and+ 3426"
even+ some+ benefits+ over+ our+ RIBOAseq+ based+method.+ A+ lot+ of+ the+ in. silico. predicted+ 3427"
sORFs+showed+ribosome+occupancy+below+parameter+thresholds+and+were+consequently+ 3428"
absent+from+our+results+based+on+RIBOsORF.+The+fact+that+sORF+expression+tends+to+be+ 3429"
low+ (Ingolia+et+al.,+2011)+and+that+known+micropeptides+have+a+very+narrow+expression+ 3430"
window+in+time+as+well+as+in+space+(Kondo+et+al.,+2010)+suggest+that+this+set+could+include+ 3431"
some+ unidentified+ and+ low+ abundant+ sORFs.+Moreover,+ as+ we+ only+ took+ into+ account+ 3432"
mESC+and+HCT116+RIBOAseq+data,+RIBOsORF+will+definitely+miss+many+sORFs+that+are+ 3433"
not+ expressed+ in+ these+ cell+ lines.+ A+ genomeAwide+ in. silico+ approach+ stands+ a+ better+ 3434"
chance+ of+ picking+ up+ those+ low+ abundant+ or+ nonAexpressed+ (in+ experimental+ cell+ line)+ 3435"
sORFs.+ 3436"
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Research+on+short+peptides,+encoded+from+small+open+reading+frames,+is+still+in+its+infanA 3437"
cy.+Until+ recently+only+a+small+number+of+ in. silico.prediction+approaches+were+available+ 3438"
(Crappe+ et+ al.,+ 2013;+Hanada+ et+ al.,+ 2007;+Kastenmayer+ et+ al.,+ 2006;+ Ladoukakis+ et+ al.,+ 3439"
2011),+and+interest+in+sORFAencoding+genes+was+modest.+However,+and+especially+since+ 3440"
the+advent+of+ribosome+profiling,+interest+in+sORF+research+got+a+huge+boost+(Ingolia+et+ 3441"
al.,+2011),+with+special+attention+to+lncRNA+sORFs+(or+sprcRNAs)+showing+ribosome+ocA 3442"
cupancy.+Studies+in+zebrafish+and+fruitfly+already+proved+the+value+of+ribosome+profiling+ 3443"
in+ order+ to+ identify+ and+ annotate+ putative+ sORF+ encoding+ transcripts+ (Aspden+ et+ al.,+ 3444"
2014;+Bazzini+et+al.,+2014).++ 3445"
Ribosome+ profiling+ is+ however+ an+ indirect+ measure+ for+ protein+ levels,+ measuring+ the+ 3446"
underlying+mRNA+abundance+of+the+coding+sequence+targeted+by+translating+ribosomes.++ 3447"
Mass+ spectrometry+ validation+ is+ often+ still+ indispensable+ (Crappe+ et+ al.,+ 2014a;+ SternA 3448"
Ginossar+et+al.,+2012).+Although+mass+spectrometry+is+still+the+gold+standard+when+lookA 3449"
ing+for+protein+or+peptide+products,+few+studies+exist+where+the+technique+is+successfully+ 3450"
used+for+the+direct+detection+of+micropeptides+(Ma+et+al.,+2014;+Slavoff+et+al.,+2013).+The+ 3451"
mere+ synthesis+ of+ a+ peptide+ does+ furthermore+ not+ imply+ that+ it+ has+ a+ function.+ EvoluA 3452"
tionary+conservation+is+definitely+suggestive+for+functionality,+but+to+pinpoint+the+actual+ 3453"
function,+experimental+demonstration+of+a+biological+effect+is+required+(Kageyama+et+al.,+ 3454"
2011).+ Based+ on+ identified+ putative+ sORF+ encoding+ transcripts+ from+ both+ the+ in. silico+ 3455"
prediction+and+expression+data,+new+micropeptides+could+recently+be+functionally+charA 3456"
acterized+(Magny+et+al.,+2013;+Slavoff+et+al.,+2014).++ 3457"
Results+ and+ tools+ presented+ in+ this+ thesis+ will+ enable+ further+ advancement+ within+ the+ 3458"
micropeptides+research+field.+A+bioinformatics+platform+that+is+able+to+analyze+RIBOAseq+ 3459"
data+in+a+fast+and+straightforward+manner+is+now+available,+facilitating+the+identification+ 3460"
of+more+interesting+and+putative+sORF+locations+from+other+datasets+in+the+future.+Now+ 3461"
is+ the+ perfect+ time+ to+ push+ this+ research+ forward+ from+a+ bioinformatics+ and+ genomics+ 3462"
centered+approach+into+a+multidisciplinary+effort.+ 3463"
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The+ sORF+ and+ micropeptide+ research+ field+ is+ growing.+ In+ contrast+ to+ four+ years+ ago,+ 3466"
when+I+started+my+PhD,+micropeptides+and/or+sORF+encoding+genes+have+now+become+ 3467"
hot+ topics+ in+both+ the+genomics+ and+peptidomics/proteomics+world.+The+ research+and+ 3468"
tools+presented+here+are+both+novel+and+timely+and+puts+our+group+in+the+cockpit+of+bioA 3469"
informatics+ research+ based+ on+ ribosome+ profiling+ data.+ Research+ on+ micropeptides+ 3470"
needs+to+grow+into+a+multidisciplinary+effort,+wherein+collaborations+with+partners+speA 3471"
cialized+in+peptidomics+and+genetic+and/or+ in.vivo+functional+testing+needs+to+be+initiatA 3472"
ed.+This+is+exactly+why+we+applied+for,+and+got+granted,+a+FWO+research+project+to+conA 3473"
tinue+ and+ expand+ the+ research+ presented+ in+ chapters+ 4+ and+ 6+ into+ a+multidisciplinary+ 3474"
effort.+ Since+ the+ research+ on+ these+ very+ short+ bioactive+ peptides+ is+ still+ in+ its+ infancy,+ 3475"
progress+ on+ all+ aspects+ of+ this+ field+ (in. silico+ analyses,+ functional+ characterization,+ geA 3476"
nomeAwide+sequencing+based+discovery…)+can+be+expected+in+the+near+future.++ 3477"
Since+micropeptides+have+a+very+narrow+expression+in+time+and+space,+a+genomeAwide+in. 3478"
silico+ identification+still+has+ its+value.+Although+there+are+many+sophisticated+gene+preA 3479"
diction+programs+available,+the+majority+is+optimized+to+predict+genes+with+100+or+more+ 3480"
codons,+ rendering+ them+ inappropriate+ for+ sORF+detection+ (Cheng+ et+ al.,+ 2011;+Do+ and+ 3481"
Choi,+ 2006;+Sleator,+ 2010).+Development+of+ab. initio+ singleAsequence+methods+ such+as+ 3482"
sORFfinder+ (based+ on+ codon+ patterns)+ and+ discriminative+metrics+ (pairwise+ and+multiA 3483"
species+alignmentAbased+comparative+metrics),+suited+for+the+detection+of+small+ORFs,+is+ 3484"
still+ in+ its+ infancy.+ On+ shorter+ exons,+ comparative+ metrics+ clearly+ outperform+ singleA 3485"
sequence+based+methods,+adding+discriminatory+power+as+additional+ species+are+used.+ 3486"
Using+hybrid+metrics,+exploiting+the+relative+independence+of+their+input+metrics,+further+ 3487"
increases+performance+(Cheng+et+al.,+2011;+Kageyama+et+al.,+2011;+Lin+et+al.,+2008).++ 3488"
For+example,+the+relatively+recent+PhyloCSF+tool+is+a+comparative+genomics+method+that+ 3489"
analyzes+a+multiple+ sequence+alignment+using+phylogenetic+ codon+models+ to+correctly+ 3490"
distinguish+between+proteinAcoding+and+nonAcoding+regions,+clearly+outperforming+othA 3491"
er+methods+ for+ the+ analysis+ of+ short+ exons+ (Lin+ et+ al.,+ 2011).+More+new+and+promising+ 3492"
metrics+with+regard+to+this+growing+field+of+sORF+detection+will+certainly+emerge,+but+are+ 3493"
in+ the+ end+ still+ dependent+ on+ the+ correctness+ of+multiple+ sequence+ alignments.+When+ 3494"
inspected+closely,+many+inconsistencies+can+be+found.+This+unavoidably+leads+to+missed+ 3495"
identifications+ in+ a+ pipeline+ using+ comparative+ conservation+metrics+ to+ filter+ for+ funcA 3496"
tional+ candidates.+ Since+ the+ latter+ outperform+ other+ gene+ prediction+ approaches,+ imA 3497"
provements+ of+ the+ underlying+multiple+ alignments+would+ lead+ to+ lower+ false+ negative+ 3498"
identifications.++ 3499"
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Our+ RIBOsORF+ and+ PROTEOFORMER+ pipelines+ start+ from+ RIBOAseq+ data+ and+ are+ as+ 3500"
such+ largely+ dependent+ on+ the+ performance+ of+ this+ sequencing+ strategy+ and+ related+ 3501"
antibiotics+treatments.+One+of+the+problems+that+arise+when+interpreting+RIBOAseq+data+ 3502"
is+the+fact+that+presence+of+ribosomal+footprints+cannot+always+be+equated+with+translaA 3503"
tion+ since+ nonAproductively+ binding+ single+ ribosomes+ and+ 40S+ ribosomal+ subunits+ can+ 3504"
give+rise+to+RPF+signals+(Guttman+et+al.,+2013).+Ingolia+tackled+this+problem+by+developA 3505"
ing+ a+ metric+ for+ distinguishing+ true+ 80S+ footprints+ from+ nonAribosomal+ sources+ using+ 3506"
footprint+ distributions+ (Ingolia+ et+ al.,+ 2014).+ Others+ took+ an+ alternative+ approach+ and+ 3507"
devised+a+new+RIBOAseq+strategy,+termed+PolyARIBOAseq+(Aspden+et+al.,+2014).+Hereby,+ 3508"
only+ the+polysomal+ fraction+ is+used+ for+ ribosome+profiling,+ isolating+actively+ translated+ 3509"
from+mRNAs+bound+by+ribosomal+subunits+and/or+sporadic,+nonAproductive+single+riboA 3510"
somes.++ 3511"
During+the+course+of+writing+these+future+perspectives,+two+papers+using+a+new+proximiA 3512"
tyAspecific+RIBOAseq+method+were+simultaneously+published+in+Science+(Jan+et+al.,+2014;+ 3513"
Williams+et+al.,+2014).+Spatially+restricted+biotin+ligase+fusion+proteins+(bound+for+examA 3514"
ple+ to+ the+surface+of+mitochondria)+enable+ the+ in.vivo+biotinylation+of+AviAtagged+ riboA 3515"
somes+that+come+in+close+contact.+After+affinity+purification+of+the+latter,+the+ribosomeA 3516"
protected+fragments+can+be+sequenced+by+means+of+ribosome+profiling.+This+enables+the+ 3517"
recovery+of+ ribosomes+ from+defined+ locations,+and+ the+ study+of+ translation+at+a+ site+of+ 3518"
interest.+Next+to+such+new+experimental+approaches+based+on+RIBOAseq,+new+metrics+to+ 3519"
improve+ the+ data+ interpretation+ and+ new+ antibiotic+ treatments+ will+ certainly+ emerge,+ 3520"
further+improving+on+an+already+very+useful+and+informative+sequencing+strategy.++ 3521"
As+already+mentioned,+the+number+of+bioinformatics+tools+for+the+analysis+of+RIBOAseq+ 3522"
data+ is+ still+ limited.+ In+ this+PhD+ thesis,+ some+of+ the+ first+ tools+ specifically+developed+ to+ 3523"
allow+fast+and+straightforward+RIBOAseq+data+analysis,+are+presented.+Further+developA 3524"
ment+on+these+tools+will+certainly+be+carried+out+over+the+next+years,+implementing+new+ 3525"
metrics,+enabling+other+mapping+tools,+TIS+calling+algorithms...+We+will+further+invest+in+ 3526"
the+identification+of+sORF+encoding+genes.+ In+this+regard,+a+centralized+repository+storA 3527"
ing+ all+ newly+ identified+ sORF+ sequences+ from+ different+ species,+ comparable+ to+ LNCiA 3528"
pedia,+would+be+very+useful+ (Volders+et+al.,+2014).+Although+this+ repository+ is+still+ in+an+ 3529"
early+ design+ stadium+ (See+Appendix+ File+ 7.1),+ it+ should+ be+ available+ somewhere+ in+ the+ 3530"
2015.+Linking+RIBOsORF+with+this+repository+would+ultimately+allow+automated+analysis+ 3531"
of+ new+ RIBOAseq+ data+ in+ order+ to+ identify+ putative+ sORFs+ that+ are+ stored+ within+ this+ 3532"
publicly+ available+ database.+ This+will+ allow+ easy+ access+ to+ interesting+ sORF+ sequences+ 3533"
and+enable+the+comparison+of+identifications+between+different+samples+and+species.+ 3534"
It+will+ also+ enable+us+ to+ easily+ check+ these+ sORFs+ for+other+ characteristics+ and+overlap+ 3535"
them+ with+ interesting+ external+ data+ sources.+ Many+measures+ could+ be+ taken+ into+ acA 3536"
count;+enrichment+for+certain+AA+closely+to+the+start+codon,+hexamer+bias,+comparison+ 3537"
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to+RNAseq+expression+data,+SNP+data+from+the+1000+genomes+project,+gene+set+enrichA 3538"
ment+data...++ 3539"
The+integration+of+different+omics+data+becomes+more+and+more+important+(Prabakaran+ 3540"
et+al.,+ 2014).+As+ such,+ incorporation+of+RIBOAseq+data+ in+MSAbased+proteomics+ studies+ 3541"
allows+for+deep+proteome+coverage.+One+of+the+takeAhome+messages+at+the+13th+Human+ 3542"
Proteome+ Organization+World+ Congress+ in+ October+ (www.hupo2014.com)+ was+ that+ a+ 3543"
comprehensive+human+proteome+map+has+been+recently+made+available+by+two+differA 3544"
ent+labs+(Kim+et+al.,+2014;+Wilhelm+et+al.,+2014).+Only+by+means+of+integrative+studies,+a+ 3545"
more+complete+picture+of+this+proteome+map+and+its+complexity+can+be+made+available:+ 3546"
i.e.+a+more+comprehensive+definition+of+the+inventory+of+proteoforms+raised+upon+alterA 3547"
native+ splicing+ and/or+ translation+ initiation+ (mentioned+ by+Dr.+ Akilesh+ Pandey).+ This+ is+ 3548"
exactly+what+our+PROTEOFORMER+and+RIBOsORF+methods+allow,+further+demonstratA 3549"
ing+their+novelty+and+usefulness+in+future+reAannotation+projects.++ 3550"
As+mentioned+before,+ known+micropeptides+ have+ a+ very+ narrow+expression+ in+ time+ as+ 3551"
well+as+in+space+(Kondo+et+al.,+2010).+This+is+probably+part+of+the+reason+why+tarsal&less,. 3552"
one+of+the+bestAstudied+micropeptide+encoding+genes+to+date,+has+never+been+identified+ 3553"
using+mass+ spectrometry.+New+and+alternative+extraction+methods+should+prove+ to+be+ 3554"
more+ effective+ at+ extracting+ micropeptides+ from+ the+ cytoplasm+ (Fricker,+ 2010).+ Few+ 3555"
studies+ exist+ where+ mass+ spectrometry+ is+ used+ for+ the+ detection+ of+ micropeptides+ 3556"
(Aspden+et+al.,+2014;+Ma+et+al.,+2014;+Schwaid+et+al.,+2013).+Moreover,+most+if+not+all+of+ 3557"
the+via+this+way+identified+sORFAencoded+peptides+are+quite+long+and+span+multiple+exA 3558"
ons.+Questionable+is+if+these+identifications+are+truly+micropeptides+or+just+short+proteins+ 3559"
missed+ in+ earlier+ annotation+ projects.+ The+ development+ of+ new+ mass+ spectrometry+ 3560"
based+ techniques+ will+ prove+ indispensable+ in+ order+ to+ identify+ and+ characterize+ miA 3561"
cropeptides.+This+is+also+one+of+the+key+focus+points+within+our+multidisciplinary+research+ 3562"
effort+on+micropeptides.++ 3563"
The+mere+existence+of+a+peptide+does+not+imply+that+ it+has+a+function.+Evolutionary+seA 3564"
quence+conservation+is+definitely+suggestive+of+a+function,+but+to+find+out+what+the+actuA 3565"
al+function+is,+requires+experimental+demonstration+of+a+functional+effect.+The+best+canA 3566"
didates+ of+ the+ research+ presented+ in+ chapters+ 4+ and+ 6+ have+ already+ been+ selected+ for+ 3567"
synthesis+to+proceed+with+preliminary+functional+testing.+Unfortunately,+we+have+insuffiA 3568"
cient+knowledge+to+make+strong+predictions+on+the+type+of+functional+effect+or+the+miA 3569"
cropeptide+ location+ at+ a+ cell,+ tissue+or+ organ+ level.+ Selected+peptides+will+ therefore+be+ 3570"
screened+using+a+wide+range+of+different+cell+types+with+a+method+(electrical+impedance+ 3571"
spectroscopy)+ that+ can+detect+ cellular+ activation+ via+multiple+ signal+ transduction+pathA 3572"
ways+(ACEA+Biosciences).+Furthermore,+and+for+peptides+showing+reproducible+effects,+ 3573"
approaches+ used+ to+ confirm+ and+ functionally+ describe+micropeptides+ discussed+ in+ the+ 3574"
introduction+can+be+seen+as+a+general+guide+for+further+in.vivo.analyses.++ 3575"
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Hanada,+for+example,+used+an+arrayAbased+expression+atlas+of+coding+sORFs+identified+in+ 3576"
Arabidopsis,+under+different+developmental+stages+and+environmental+conditions.+OverA 3577"
expressed+sORFs+were+then+phenotypically+analyzed+using+transgenic+Arabidopsis+plants+ 3578"
(Hanada+et+al.,+2013).+The+expression+of+sarcolamban+was+analyzed+through+RNA+hybridA 3579"
ization+ with+ a+ labeled+ complementary+ RNA+ probe.+ After+ that,+ in. vivo. translation+ and+ 3580"
localization+was+tested+through+expression+of+CAterminal+GFP+fusion+proteins.+By+overA 3581"
expressing+the+peptide+ in+a+wildAtype+fly,+ its+function+ in+Ca2++trafficking+in+muscle+cells+ 3582"
could+be+proven+(Magny+et+al.,+2013).+To+study+the+function+of+tal+in+regulating+Svb,+KonA 3583"
do+and+colleagues+used+antibodies+against+ the+NAterminal+SvbAspecific+ region+ to+ study+ 3584"
the+expression+of+the+larger/truncated+versions+upon+tal+expression.+Deletions+in+mutant+ 3585"
embryos+ultimately+removed+the+functional+transcription+unit+(Kondo+et+al.,+2007;+2010).+ 3586"
The+multiAexonic+Toddler+ short+ protein,+ expressed+ from+a+ 2Aexon+ 58+AA+ORF,+ has+ also+ 3587"
been+recently+identified.+Expression,+production+and+secretion+were+analyzed+using+RNA+ 3588"
in. situ+ hybridization,+mass+ spectrometry+and+ToddlerAGFP+ fusion+proteins+ respectively.+ 3589"
Its+ function+ could+be+ rescued+by+ injecting+ the+peptide+ in+ frameshiftAmutated+embryo's+ 3590"
generated+with+TALEN+(Pauli+et+al.,+2014a).++ 3591"
Integration+of+all+aforementioned+multidisciplinary+approaches+will+undoubtedly+lead+to+ 3592"
the+discovery+of+new+micropeptides,+ in+ the+same+way+as+microRNAs,+an+ important+but+ 3593"
long+time+overlooked+class+of+bioactive+molecules.+Their+discovery+and+further+validation+ 3594"
could+and+probably+will+have+a+significant+impact+on+biology+and+medicine. 3595"
+ 3596"
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Summary!! 3602"
Micropeptides+are+a+new+class+of+nonAclassical+bioactive+peptides,+translated+from+small+ 3603"
open+reading+frames+(sORFs;+<100+AA).+Since+these+lack+an+NAterminal+signal+sequence,+ 3604"
they+are+in+principle+set+free+in+the+cytoplasm+immediately+after+translation+and+thus+not+ 3605"
processed+ by+ the+ secretory+ machinery.+ Until+ recently,+ this+ class+ of+ micropeptideA 3606"
encoding+ genes+was+ completely+missed+ in+ largeAscale+ cDNA+ annotation+ studies.+Gene+ 3607"
prediction+tools+used+in+the+course+of+these+projects+often+applied+a+minimum+(e.g.+100+ 3608"
AA)+transcript+length+cutAoff+when+identifying+proteinAcoding+genes+to+reduce+the+likeliA 3609"
hood+of+ false+ positive+ predictions.+Nonetheless,+ a+ handful+ of+ functional+micropeptides+ 3610"
have+ already+ been+ discovered+ and+ linked+ to+ important+ embryonic+ and+morphogenetic+ 3611"
functions+ in+ plants+ as+ well+ as+ in+ animals.+ For+ example,+ an+ evolutionary+ conserved+miA 3612"
cropeptide,+referred+to+as+polished.rice.(pri)+or+tarsal&less.(tal),+has+been+identified+within+ 3613"
a+ncRNA+gene+in+Drosophila,+controlling+epidermal+differentiation.++ 3614"
Systematic+ and/or+ genomeAwide+ studies,+ specifically+ scanning+ for+ sORFs+ that+ encode+ 3615"
small+peptides,+have+already+been+performed+in+Saccharomyces.cerevisiae+and+Arabidop& 3616"
sis.thaliana,.identifying+thousands+of+coding+sequences+for+which+evidence+for+transcripA 3617"
tion+ or+ purifying+ selection+ is+ available.+More+ recently,+ a+ study+ described+ a+ systematic+ 3618"
search+ for+ putatively+ functional+ sORFs+ in+ euchromatic+ regions+ of+ Drosophila. melano& 3619"
gaster,+postulating+the+existence+of+many+hundreds+of+sORFs+coding+for+small+peptides.+ 3620"
However,+genomeAwide+searches+for+sORFs+in+eukaryotes+with+ larger+genomes+are+still+ 3621"
seen+as+a+computational+burden+and+had+not+yet+been+performed+for+a+mammalian+beA 3622"
fore.+ 3623"
These+ annotation+ studies+ were+ only+ made+ possible+ by+ the+ development+ of+ fast+ and+ 3624"
cheap+mass+sequencing+technologies.+Most+of+these+techniques+only+enable+us+to+study+ 3625"
the+static+state+of+one+of+the+information+carrying+biopolymers+in+the+cell.+RNAAseq+enaA 3626"
bles+ us+ for+ example+ to+ study+ the+ composition+ of+ the+ transcriptome,+while+mass+ specA 3627"
trometry+gives+us+information+on+the+proteome.+The+development+of+the+ribosome+proA 3628"
filing+(RIBOAseq)+strategy+(for+yeast+in+2009+and+mouse+in+2011)+for+the+first+time+enabled+ 3629"
the+genomeAwide+study+of+the+molecular+state+of+a+cell+at+the+level+of+translation.+HereA 3630"
by,+the+position+of+translating+ribosomes+can+be+determined+by+using+the+ability+of+these+ 3631"
ribosomes+to+protect+a+footprint+(~+30+nucleotides)+of+its+mRNA+template+from+nuclease+ 3632"
digestion.+The+true+strength+of+RIBOAseq+arises+from+the+use+of+different+treatments+ in+ 3633"
order+to+stall+or+block+initiating+and+elongating+ribosomes.+By+combining+the+information+ 3634"
of+these+initiating+and+elongating+ribosome+profiles,+open+reading+frames+(ORFs)+can+be+ 3635"
predicted+based+on+ribosome+occupancy.++ 3636"
We. combined+ an+ in. silico.approach+ and+ experimental+ evidence+ by+means+ of+ ribosome+ 3637"
profiling+data+ in+a+genomeAwide+search+to+detect+novel+putatively+coding+sORFs+ in+ the+ 3638"
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Mus.musculus+genome.+First,+the+genome+was+scanned+for+sORFs+with+high+coding+poA 3639"
tential+ using+ the+ sORFfinder+ package.+ Secondly,+ a+ comprehensive+ feature+matrix+with+ 3640"
peptide+conservation+measures,+based+on+UCSC+multiple+species+alignments,+was+conA 3641"
structed.+In+a+third+step,+the+coding+capability+of+these+pcsORFs+was+assessed+by+means+ 3642"
of+a+machineAlearning+algorithm.+Afterwards,+the+sORFs+with+a+high+coding+score+were+ 3643"
verified+ for+ the+ presence+ of+ experimental+ ribosome+ profiling+ signals+ obtained+ from+ 3644"
mouse+ Embryonic+ Stem+ Cells+ data,+ hinting+ to+ sORF+ translation.+ Using+ this+ combined+ 3645"
genomeAwide+ approach+ dozens+ of+ both+ highly+ conserved+ and+ ribosomeAtargeted+ 3646"
pcsORFs+(possibly+encoding+micropeptides)+were+identified.++ 3647"
Since+RIBOAseq+is+a+relatively+new+sequencing+strategy,+specialized+bioinformatics+tools+ 3648"
and+analysis+pipelines+are+still+lacking.+Thus+we+created+PROTEOFORMER,+a+first+publicly+ 3649"
available+ analysis+ pipeline+ specifically+ tailored+ towards+ the+ bioinformatics+ analysis+ of+ 3650"
RIBOAseq+data.+It+enables+the+processing+of+RIBOAseq+data+and+can+be+optimized+based+ 3651"
on+userAdefinable+parameters+ in+order+to+be+useful+ in+answering+a+plethora+of+different+ 3652"
research+questions.+The+tool+includes+a+mapping+module+enabling+genomeAwide+visualiA 3653"
zation+ of+ ribosome+ occupancy+ on+ a+ genome+ browser+ of+ choice.+ It+ also+ includes+ a+ TIS+ 3654"
calling+algorithm+that+allows+for+the+delineation+of+the+ORFs+of+all+translation+products,+ 3655"
based+ on+ initiating+ ribosome+ footprint+ accumulation+ obtained+ upon+ LTM/HARR+ treatA 3656"
ment.+ A+ complete+ translatomeAbased+ sequence+ database,+ also+ including+ SNP+ inforA 3657"
mation,+ can+ thus+ be+ compiled,+ for+ spectral+ matching+ in+ a+ MSAbased+ protein/peptide+ 3658"
identification+experiment.+We+further+proved+that+optimization+towards+the+use+of+PROA 3659"
TEOFORMER+ in+a+proteogenomic+approach,+enables+deep+proteome+coverage+ (includA 3660"
ing+ 5’+ extended+ proteoforms,+ alternative+ spliced+ isoform+ and+ uORFs)+ resulting+ in+ an+ 3661"
increase+of+overall+protein+identification+rate+when+searching+matching+mass+spectromeA 3662"
try+datasets.+ 3663"
The+knowledge+gathered+from+building+the+PROTEOFORMER+pipeline+was+immediately+ 3664"
applied+ to+ tackle+ the+ identification+of+ putatively+ coding+ sORFs+by+means+of+ the+RIBOA 3665"
sORF+pipeline.+ In+contrast+to+our+ in.silico.strategy,+we+now+started+from+RIBOAseq+data+ 3666"
(experimental+evidence)+to+identify+all+single+exon+sORF+sequences.+Next+to+mapping+of+ 3667"
ribosomeAprotected+ fragments,+ TIS+ identification+ and+ subsequent+ sORF+ assembly,+ the+ 3668"
tool+also+includes+a+number+of+filtering+steps+that+analyze+the+peptide+coding+potential+of+ 3669"
putative+ sORFs.+ Since+ phylogenetic+ conservation+ is+ still+ assumed+ to+ be+ an+ important+ 3670"
proxy+to+functionality,+we+used+PhyloCSF,+a+comparative+genomics+method+that+analyzA 3671"
es+a+multiple+sequence+alignment+using+phylogenetic+codon+models,+to+correctly+distinA 3672"
guish+between+proteinAcoding+and+nonAcoding+regions.+In+order+to+discriminate+between+ 3673"
true+80S+footprints++(which+predominate+on+coding+sequences)+and+sources+of+contamiA 3674"
nation+(containing+nonAcoding+RNA),+FLOSS+was+used+to+filter+all+ identified+sORFs+on+a+ 3675"
caseAperAcase+basis.++ 3676"
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+ 3677"
Based+on+RIBOsORF+and+after+applying+the+different+filtering+steps+in+a+cumulative+way,+ 3678"
a+ very+ stringent+ set+ of+ highly+ conserved,+ translated+ and+ putatively+ coding+ sORFs+ was+ 3679"
obtained.+85A90%+of+this+set+of+stringent+sORFs+start+from+a+nearAcognate+TIS,+making+ 3680"
RIBOsORF+more+comprehensive+as+our+ in. silico+ strategy+since+ the+ latter,+depending+on+ 3681"
sORFfinder+for+sORF+delineation,+completely+ignored+nearAcognate+start+sites.+However,+ 3682"
if+we+only+take+into+account+those+sORFs+that+could+be+identified+with+both+approaches,+ 3683"
they+ overlap+ remarkably+ well.+ This+ is+ exemplified+ by+ the+ sORF+ in+ the+ mouse+ lncRNA+ 3684"
1500011K16Rik.+After+ identifying+ this+ sORF+via+our+ in. silico. strategy+as+one+of+ the+best+ 3685"
candidates,+it+was+also+picked+up+(in+our+most+stringent+set)+using+our+RIBOsORF+tool+in+ 3686"
both+mouse+and+human+data.+Furthermore,+independent+research+by+Bazzini+et.al.+makA 3687"
ing+use+of+a+different+computational+strategy,+also+identified+the+same+sORF+in+another+ 3688"
human+cell+line.++ 3689"
Results+ and+ tools+ presented+ in+ this+ thesis+ will+ enable+ further+ advancement+ within+ the+ 3690"
micropeptides+research+field.+A+bioinformatics+platform+that+is+able+to+analyze+RIBOAseq+ 3691"
data+in+a+fast+and+straightforward+manner+is+now+available,+facilitating+the+identification+ 3692"
of+more+interesting+and+putative+sORF+locations+from+other+datasets+in+the+future.+Now+ 3693"
is+ the+ perfect+ time+ to+ push+ this+ research+ forward+ from+a+ bioinformatics+ and+ genomics+ 3694"
centered+ approach+ into+ a+multidisciplinary+ effort.+ Integration+ of+ such+multidisciplinary+ 3695"
approaches+will+ undoubtedly+ lead+ to+ the+discovery+of+ new+micropeptides,+ in+ the+ same+ 3696"
way+as+microRNAs,+an+important+but+long+time+overlooked+class+of+bioactive+molecules.+ 3697"
Their+discovery+and+further+validation+could+and+probably+will+have+a+significant+impact+ 3698"
on+biology+and+medicine. 3699"
+ 3700"
+ 3701"
+ 3702"
+ 3703"
+ 3704"
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Samenvatting! 3705"
Micropeptiden+zijn+een+nieuwe+klasse+van+bioactieve+peptiden+die+afgeschreven+worden+ 3706"
vanuit+kleine+open+leesramen+(sORFs;+<100+AA).+Deze+worden+na+vertaling+rechtstreeks+ 3707"
vrijgesteld+in+het+cytoplasma+en,+bij+gebrek+aan+NAterminale+signaal+sequentie,+niet+verA 3708"
werkt+ in+ het+ secretieAreactiepad.+ Tot+ voor+ kort+ werd+ deze+ klasse+ van+ micropeptideA 3709"
coderende+ genen+ compleet+ gemist+ door+ genApredictietools+ die+ in+ grootschalige+ cDNA+ 3710"
annotatie+studies+gebruikt+worden.+Om+het+aantal+valsApositieven+tot+een+minimum+te+ 3711"
beperken,+maken+deze+namelijk+gebruik+van+een+minimum+transcript+lengte+(nl.+100+AA)+ 3712"
bij+de+identificatie+van+eiwitAcoderende+genen.+Enkele+micropeptiden+werden+niettegenA 3713"
staande+ reeds+ ontdekt+ en+ na+ functionele+ beschrijving+ gelinkt+ aan+ embryologische+ en+ 3714"
morfogenetische+functies+in+plant+en+dier.+Een+evolutionairAgeconserveerd+micropeptide+ 3715"
(polished. rice. (pri)+ of+ tarsal&less. (tal)),+ dat+ epidermale+ differentiatie+ controleert,+ werd+ 3716"
bijvoorbeeld+geïdentificeerd+in+een+ncRNA+transcript+in+Drosophila.+ 3717"
Met+behulp+van+ systematische+en/of+genoomwijde+ studies+ in+Saccharomyces. cerevisiae. 3718"
en+Arabidopsis.thaliana.konden+reeds+duizenden+sORFs+geïdentificeerd+worden+die+moA 3719"
gelijks+coderen+voor+kleine+peptiden.+Recent+werd+ook+een+studie+gepubliceerd+die+een+ 3720"
zoekstrategie+ beschreef+ voor+ de+ identificatie+ van+ mogelijks+ functionele+ sORFs+ in+ de+ 3721"
euchromatische+ regio's+ van+ Drosophila. melanogaster,+ waarbij+ het+ bestaan+ van+ enkele+ 3722"
honderden+sORFs+gepostuleerd+werd.+Doordat+genoomwijde+zoektochten+naar+sORFs+in+ 3723"
eukaryoten+met+grotere+genomen+computationeel+zeer+intensief+zijn,+werden+dergelijke+ 3724"
studies+nog+niet+uitgevoerd+voor+zoogdieren.++ 3725"
Het+was+de+snelle+ontwikkeling+van+goedkope+en+hogeAdoorvoer+sequeneringstechnoloA 3726"
gieën+ die+ deze+ genoomwijde+ annotatie+ projecten+ mogelijk+ maakten.+ De+ meeste+ van+ 3727"
deze+technieken+slagen+er+echter+enkel+in+ons+van+statische+informatie+te+voorzien+over+ 3728"
de+toestand+van+een+van+de+informatieAdragende+biopolymeren+in+de+cel.+De+samenstelA 3729"
ling+van+het+ transcriptoom+kan+bijvoorbeeld+bestudeerd+worden+met+behulp+van+RNAA 3730"
sequenering,+ terwijl+ massaAspectrometrie+ ons+ voorziet+ van+ informatie+ over+ het+ proteA 3731"
oom.+Door+de+recente+ontwikkeling+van+de+ribosoomAprofilering+(RIBOAseq)+strategie+(in+ 3732"
2009+ voor+ gist+ en+ 2011+ voor+muis)+ is+ het+ nu+mogelijk+ om+het+ translatieproces+ zelf+ geA 3733"
noomwijd+te+bestuderen.+Doordat+ribosomen+in+staat+zijn+om+een+fragment+(~+30+nucleoA 3734"
tiden)+van+het+af+te+schrijven+mRNA+te+beschermen+tegen+nucleaseAdigestie+kan+de+posiA 3735"
tie+van+deze+vertalende+ribosomen+vastgesteld+worden.+De+grootste+sterkte+van+RIBOA 3736"
seq+ligt+hem+in+de+combinatie+van+verschillende+behandelingen+om+initiërende+en+elonA 3737"
gerende+ribosomen+te+blokkeren.+Het+combineren+van+deze+2+informatiestromen+maakt+ 3738"
namelijk+de+predictie+van+open+leesramen+op+basis+van+ribosoom+bezetting+mogelijk.++ 3739"
Om+nieuwe+en+mogelijks+coderende+sORFs+te+identificeren+in+Mus.musculus,+combineerA 3740"
den+wij+een+genoomwijde+in.silico+aanpak+met+experimentele+informatie+in+de+vorm+van+ 3741"
ribosoomAprofileringsdata.++ 3742"
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Eerst+werden+met+behulp+van+het+sORFfinder+algoritme+alle+sORFs+geïdentificeerd+met+ 3743"
sterke+coderende+eigenschappen.+Daarna+werd+op+basis+van+UCSC+meervoudige+sequenA 3744"
tieAaligneringen+ een+matrix+met+ conserveringskenmerken+ samengesteld.+ In+ een+ derde+ 3745"
stap+ werd+ een+ machineAlearning+ algoritme+ gebruikt+ om+ de+ coderende+ capaciteit+ van+ 3746"
deze+ sORFs+ na+ te+ gaan.+ Deze+ set+ van+ sORFs+met+ hoge+ coderende+ score+werd+ daarna+ 3747"
gecontroleerd+ op+ de+ aanwezigheid+ van+ overlappende+ experimentele+ ribosoomA 3748"
profileringssigalen,+ bekomen+ na+ experimenten+ op+ muis+ embryonale+ stamcellen.+ Op+ 3749"
deze+ manier+ konden+ tientallen+ hoogAgeconserveerde,+ door+ ribosomen+ gebonden+ en+ 3750"
mogelijks+coderende+kleine+open+leesramen+geïdentificeerd+worden.++ 3751"
Doordat+ RIBOAseq+ een+ relatief+ nieuwe+ sequeneringsmethode+ is,+ ontbreken+ specifieke+ 3752"
bioinformaticaAtools+ en+ analyseApijplijnen+ om+ deze+ data+ te+ verwerken.+ Mede+ daarom+ 3753"
ontwikkelden+wij+PROTEOFORMER,+de+eerste+publiek+beschikbare+bioinformatica+anaA 3754"
lyseApijplijn+ specifiek+ gericht+ op+ de+ verwerking+ van+ RIBOAseq+ data.+ Doordat+ alle+ input+ 3755"
variabelen+door+de+gebruiker+ ingesteld+kunnen+worden,+kan+PROTEOFORMER+geoptiA 3756"
maliseerd+worden+ voor+ het+ beantwoorden+ van+ een+ breed+ gamma+ aan+ onderzoeksvraA 3757"
gen.+De+tool+bevat+een+aligneringsmodule+die+het+mogelijk+maakt+om+op+een+genoomA 3758"
wijde+manier+de+bezetting+van+ribosomen+te+visualiseren+in+eender+welke+genoombrowA 3759"
ser.+Ze+bevat+ook+een+algoritme+die+alle+ translatieAinitiatie+ locaties+ identificeert,+nodig+ 3760"
voor+ het+ aflijnen+ van+ de+ open+ leesramen+ van+ alle+ translatieAproducten.+ Dit+ algoritme+ 3761"
maakt+gebruik+van+de+accumulatie+van+ribosomen+na+behandeling+met+antibiotica+zoals+ 3762"
harringtonine+ en+ lactimidomycine.+ Op+ deze+ manier+ kan+ een+ translatoom+ gebaseerde+ 3763"
sequentie+databank,+die+ook+SNP+informatie+bevat,+gecreëerd+worden.+Deze+kan+vervolA 3764"
gens+ aangewend+ worden+ voor+ MSAgebaseerde+ vergelijkingen.+ Optimalisatie+ van++++++ 3765"
PROTEOFORMER+ in+ een+ protegenomische+ context+maakt+ het+ bijgevolg+mogelijk+ een+ 3766"
diepgaande+ proteoom+ analyse+ uit+ te+ voeren.+ Hierbij+ worden+ extra+ vertaalproducten+ 3767"
geïdentificeerd,+ waaronder+ 5'Averlengde+ proteovormen,+ alternatiefAgesplicete+ isovorA 3768"
men+ en+ uORFs.+ Deze+ zorgen+ voor+ een+ substantiële+ verhoging+ van+ het+ aantal+ eiwitA 3769"
identificaties+ wanneer+ overeenkomstige+ massaAspectrum+ data+ doorzocht+ wordt+ met+ 3770"
behulp+van+een+databank+van+gekende+eiwitten+(zoals+SwissAProt).++ 3771"
De+ opgedane+ kennis+ door+ de+ ontwikkeling+ van+ PROTEOFORMER+ werd+ hierna+ aanA 3772"
gewend+bij+de+ontwikkeling+van+een+gelijkaardige+ identificatieApijplijn+ specifiek+gericht+ 3773"
op+ de+ identificatie+ van+ sORFs.+ In+ tegenstelling+ tot+ bij+ onze+ in. silico. strategie+ werd+ nu+ 3774"
gestart+ van+ RIBOAseq+ experimentele+ data+ om+ alle+ sORFAsequenties+ te+ identificeren.+ 3775"
Naast+ het+ aligneren+ van+de+ door+ ribosomen+beschermde+ fragmenten,+ TISAidentificatie+ 3776"
en+de+constructie+van+deze+sORFs,+bevat+de+tool+ook+enkele+filters+die+de+eventuele+pepA 3777"
tideAcoderende+eigenschappen+van+deze+sORFs+kunnen+nagaan.+Een+eerste+filter+maakt+ 3778"
gebruik+van+fylogenetische+conservering,+nog+steeds+aanzien+als+een+belangrijke+graadA 3779"
meter+ voor+ functionaliteit.+ Hiervoor+ gebruikten+ we+ PhyloCSF,+ een+ genoomA 3780"
vergelijkende+methode+die+een+meervoudige+sequentieAalignering+met+behulp+van+een+ 3781"
fylogenetisch+ codonAmodel+ analyseert+ om+ eiwitAcoderende+ en+ nietAcoderende+ regio's+ 3782"
van+ elkaar+ te+ onderscheiden.+ Daarnaast+ worden+ echte+ 80S+ ribosoomcomplexen+ (die+ 3783"
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hoofdzakelijk+ voorkomen+ op+ coderende+ sequenties)+ en+ contaminatiebronnen+ (die+ niet+ 3784"
coderend+RNA+bevatten)+gefilterd+op+basis+van+FLOSS+om+zo+getranslateerde+sORFs+van+ 3785"
ruis+te+kunnen+onderscheiden.++ 3786"
Met+behulp+van+RIBOsORF+en+na+het+cumulatief+ toepassen+van+de+verschillende+ filters+ 3787"
kon+ een+ stringente+ set+ van+ hoogAgeconserveerde,+ getranslateerde+ en+mogelijks+ codeA 3788"
rende+ sORFs+geïdentificeerd+worden.+ 85A90%+van+de+op+deze+manier+bekomen+ sORFs+ 3789"
blijkt+afgeschreven+te+worden+van+een+nietAATG+start+positie,+wat+RIBOsORF+in+deze+veel+ 3790"
uitgebreider+maakt+dan+onze+ in. silico.strategie.+Die+ laatste+was+namelijk+gebaseerd+op+ 3791"
sORFfinder+ voor+ de+ identificatie+ van+ open+ leesramen,+ waardoor+ eventuele+ nietAATG+ 3792"
sORFs+compleet+genegeerd+werden.+Echter,+de+sORFs+die+door+beide+methodes+geïdenA 3793"
tificeerd+ kunnen+worden,+ overlappen+merkwaardig+ goed.+ Dit+ wordt+ zeer+mooi+ aangeA 3794"
toond+door+de+sORF+in+het+muis+lncRNA+1500011K16Rik.+Na+de+identificatie+van+dit+sORF+ 3795"
via+onze+ in.silico+ strategie+als+een+van+de+beste+kandidaten,+konden+we+deze+sORF+ook+ 3796"
oppikken+op+basis+van+RIBOsORF+ in+muis+en+humane+data+ (gecatalogeerd+ in+de+meest+ 3797"
stringente+sORFs+set).+Daarnaast+werd+deze+sORF+recent+ook+volledig+onafhankelijk+en+ 3798"
op+basis+van+een+alternatieve+computationele+strategie,+geïdentificeerd+in+een+studie+van+ 3799"
Bazzini+et.al.+op+basis+van+een+andere+humane+cellijn.++ 3800"
De+resultaten+en+tools+die+ in+het+kader+van+dit+doctoraatsonderzoek+bekomen+werden,+ 3801"
zullen+ verdere+ vooruitgang+ in+ het+micropeptide+ onderzoeksveld+ faciliteren.+ In+ de+ toeA 3802"
komst+zal+op+een+eenvoudige+en+snelle+manier+nieuwe+RIBOAseq+data+geanalyseerd+kunA 3803"
nen+worden,+gebruikmakend+van+het+gepresenteerde+bioinformatica+platform.+Nu+is+het+ 3804"
perfecte+moment+om+dit+onderzoek,+met+een+sterke+focus+op+bioAinformatica+en+genoA 3805"
mica,+om+te+vormen+tot+een+multidisciplinair+onderzoeksveld.+De+integratie+van+dergelijA 3806"
ke+multidisciplinaire+ strategieën+ zal+ ongetwijfeld+ leiden+ tot+ de+ ontdekking+ van+ nieuwe+ 3807"
micropeptiden.+Mogelijks+ is+dit+een+ lang+genegeerde+ (net+zoals+microRNAs)+klasse+van+ 3808"
bioactive+molecules.+Hun+ontdekking+en+ verdere+ functionele+ validatie+ kan+en+ zal+meer+ 3809"
dan+waarschijnlijk+een+significante+impact+hebben+op+zowel+onze+biologische+kennis+als+ 3810"
binnen+de+medische+wereld.++ 3811"
" "
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Welkom!+De+kans+ is+groot+dat+dit+de+eerste+ (en+enige)+pagina’s+ zijn+die+ je+ leest.+Na+de+ 4503"
inhoudstafel+ uiteraard.+ Om+ hier+ terecht+ te+ komen.+ De+ andere+ delen+ zijn+ ook+ best+ te+ 4504"
pruimen+hoor,+een+aanrader,+al+zeg+ik+het+zelf.+Niets+voor+jou?+Vier+jaar+geleden+wist+ik+er+ 4505"
zelf+zo+goed+als+niets+vanaf,+dus+veel+achterstand+heb+je+al+bij+al+niet+in+te+halen.+Je+zal+het+ 4506"
je+niet+beklagen.+Bijstuderen+zou+zelfs+het+risico+op+Alzheimer+verminderen!+Alleen+opA 4507"
passen+dat+ je+ je+niet+bevuilt+aan+al+het+bloed+en+zweet+dat+tussen+de+verschillende+parA 4508"
agrafen+is+blijven+plakken.+Ooit+moet+je+het+zelf+eens+proberen,+al+het+werk+dat+je+in+vier+ 4509"
jaar+ verzet+ hebt,+ in+ een+ boekje+ duwen.+Mooie+ uitdaging.+ En+ je+ krijgt+ er+ je+ eigen+ ISBN+ 4510"
code+voor.+Als+dat+je+niet+over+de+streep+trekt.++ 4511"
En+nu,+ lezen+maar.+Enjoy!+En+bij+ deze+ook+bedankt,+ als+ eerste,+mijn+ lieftallige+ lezer.+ Je+ 4512"
kent+ me+ waarschijnlijk+ om+ een+ of+ andere+ reden,+ waarom+ dit+ hier+ anders+ onder+ ogen+ 4513"
nemen?+Bedankt+dus,+jij,+deel+van+mijn+leven.+Of+je+bent+die+jammerlijke+eenzaat+die+ver+ 4514"
weg,+ in+een+al+dan+niet+digitale+bibliotheek,+mijn+boekje+vanonder+het+stof+haalt+om+er+ 4515"
eens+door+te+bladeren.+Bedankt!+Hopelijk+vind+ je+wat+ je+zoekt.+En+mocht+ je+nog+vragen+ 4516"
hebben,+mail+gerust.+Over+6+maand+sluit+de+Ugent+mijn+mailbox+wel+af.+Het+leven+blijkt+ 4517"
eens+te+meer+voor+de+rappe.+Succes+met+uw+eigen+queeste!+ 4518"
Meer+dan+9+ jaar+geleden+begon+de+mijne+op+dit+boerekot,+18+ jaar,+groot+en+volwassen.+ 4519"
Het+duurde+tot+september+vorig+jaar,+met+de+intrede+van+een+verse+lading+eerstejaars+om+ 4520"
eindelijk+te+beseffen+dat+ook+wij,+toen,+nog+heel+erg+groen+achter+onze+oren+waren.+Maar+ 4521"
de+jaren+vlogen+snel+voorbij.+Twee+zeer+algemene+gevolgd+door+een+derde+en+voor+je+het+ 4522"
wist+stond+die+master+al+voor+de+deur.+Het+was+daar+dat+ik+voor+het+eerst+met+Wim+en+zijn+ 4523"
vakken+ in+contact+kwam.+BioAinformatica+bleek+al+snel+veel+ interessanter+dan+dat+ laboA 4524"
werk+waar+de+gemiddelde+cel+en+genner+bovengemiddeld+hard+op+kikt.+ Ik+niet+dus.+Het+ 4525"
deed+ een+ mens+ al+ eens+ twijfelen+ aan+ zijn+ studiekeuze.+ Na+ wat+ tubben+ over+ toekomA 4526"
stplannen+en+een+beetje+overtuigingskracht+van+Wim+verkoos+ik+uiteindelijk+de+handsAon+ 4527"
aanpak+van+een+PhD+boven+het+studeren+van+een+extra+specifieke+bioAinformatica+masA 4528"
ter.+ Student+ af+ dus.+ Op+ wat+ opportunistisch+ gebruik+ van+ die+ studentenkaart+ na+ misA 4529"
schien.+En+nog+wel+enkele+pietluttige+details.++ 4530"
Begin+ augustus+ 2010+ begon+ ik+ me+ in+ te+ werken+ in+ een+ onderwerp+ dat+ niets+ met+ dit+ 4531"
boekje+te+maken+had.+Het+bleek+een+weinig+succesvolle+formule.+Even+hing+het+hele+PhD+ 4532"
plan+aan+een+zijden+draadje.+Toch+sterker+dan+gedacht,+die+zijden+draadjes.+Wim+kwam+ 4533"
op+ vrijdagnamiddag+ namelijk+ aanzetten+met+ ‘micropeptiden’,+ het+ was+ een+ onderwerp+ 4534"
waar+ene+Gerben+wel+enthousiast+over+was.+Wim+ging+ons+wel+eens+ samenzetten.+Dat+ 4535"
weekend+bleek+Pubmed+zowaar+zelf+maar+bitter+weinig+over+dit+onderwerp+te+weten.+De+ 4536"
nieuwsgierigheid+gewekt.+Die+ene+Gerben+kwam+die+maandag+net+terug+van+een+aantal+ 4537"
maanden+vakantie+aan+de+andere+kant+van+de+wereld.+De+werkstemming+droop+er+vanaf+ 4538"
toen+hij+de+deur+van+onze+bureau+opensmeet.+Als+ik+het+me+nog+goed+herinner,+ging+het+ 4539"
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ongeveer+zo;+Wim:+“Gerben,.Jeroen,.Jeroen,.Gerben..De.deadline.voor.het.indienen.van.een. 4540"
IWT.projectaanvraag.rond.micropeptiden.is.over.2.weken..Best.in.gang.schieten.zeker?”+Het+ 4541"
was+het+hectische+begin+van+een+zeer+ leuke+en+ intense+samenwerking+ rond+een+uiterst+ 4542"
interessant+onderwerp.+Dit+boekje+het+schriftelijke+gevolg.+Andere+worden+bij+pot+en+pint+ 4543"
met+veel+graagte+bovengehaald!++ 4544"
To+the+point+nu!++ 4545"
Beginnen+ doe+ ik+met+ jou+Wim.+ Je+ was+ een+ heel+ belangrijke+ sleutel+ in+ een+ aantal+ heel+ 4546"
belangrijke+ keuzes+ die+ ik+ tijdens+mijn+ boerekotjaren+ gemaakt+ heb.+ Je+ bioAinformaticaA 4547"
enthousiasme+ stak+mijn+ bioAinformaticaAenthousiasme+ aan.+ Je+ overtuigde+me+ om+ een+ 4548"
PhD+te+doen+bij+BioBix.+Je+stond+er+als+ik+je+echt+nodig+had,+maar+liet+me+mijn+eigen+weg+ 4549"
zoeken+doorheen+mijn+PhD.+Het+waren+leuke,+uiterst+ leerrijke+ jaren.+Bedankt+daarvoor!+ 4550"
En.+Goe+bezig!++ 4551"
Ook+jou+wil+ik+graag+bedanken,+Geert.+We+werkten+uiteindelijk+niet+zoveel+samen+als+op+ 4552"
voorhand+ gedacht.+ Wetenschap+ laat+ zich+ niet+ echt+ plannen.+ Allemaal+ de+ schuld+ van++ 4553"
Ingolia.+Toch+wil+ik+je+graag+bedanken+voor+je+hulp+bij+het+schrijven+van+die+verschillende+ 4554"
projectaanvragen,+je+introducties+in+de+massaAspectrometrie+en+het+uitvoeren+van+al+die+ 4555"
experimenten.++ 4556"
Maar+als+er+iemand+is+die+ik+heel+specifiek+en+hard+wil+bedanken.+Zo+op+mijn+blote+knietA 4557"
jes.+ Dan+ toch+wel+ die+ ene+Gerben.+ Gerben+man.+ Zonder+ blikken+ of+ blozen+ nam+ je+me+ 4558"
vanaf+ dag+ één+ keihard+op+ sleeptouw+doorheen+ je+ onderzoekswereld.+Nooit+was+ het+ je+ 4559"
teveel+moeite+om+iets+nog+eens+uit+te+leggen,+me+nog+maar+eens+op+weg+te+helpen,+weer+ 4560"
wat+ van+ je+ ervaring+ te+ delen.+Van+micropeptiden+ tot+ relationele+databases,+ altijd+weer+ 4561"
begon+het+naast+ jou,+met+ jou,+aan+ jouw+computer.+Zo+hard+bedankt!+ Je+ inbreng+tot+dit+ 4562"
boekje+is+gigantisch.+Onze+belevenissen,+werk+en+ver+daarbuiten,+ik+zal+ze+niet+snel+verA 4563"
geten.++ 4564"
Al+ tijdens+het+ voorbereiden+van+mijn+ IWT+verdediging+ vormde+zich+een+micropeptiden+ 4565"
bende,+ een+ science+ gang+ zo+ je+ wil.+ Geregelde+ meetings,+ interessante+ discussies,+ sucA 4566"
cesvolle+FWO+aanvragen,+ leuke+samenwerkingen.+Eisuke,+Kurt+en+Walter,+ook+jullie+beA 4567"
dankt+ voor+ jullie+ inbreng+ en+ hulp.+ En+ plots+ kwam+ daar+ een+ nieuwe+ techniek+ binnenA 4568"
gestormd,+ribosoom+profilering+genaamd.+Het+was+het+begin+van+een+uiterst+succesvolle+ 4569"
samenwerking.+Die+ sowieso+nog+ jaren+doorgaat.+Aan+duizend+per+ uur!+ Petra+ en+Daria,+ 4570"
merci!+En+ook+jullie.+Zo+dichtbij+en+toch+soms+zo+veraf,+NXTGNTAers,+zonder+jullie+geen+ 4571"
data,+zonder+data+geen+bioAinformatica.+Merci+Sarah+en+Ellen.++ 4572"
Mijn+lieve+BioBixers,+wat+zou+een+thesis+saai+geweest+zijn+als+jullie+allemaal+seuten+bleken+ 4573"
te+ zijn.+ Lucky+me.+Weeral!+ Toffe+ bende.+ Harde+werkers.+ Grootse+ genieters.+ Vliegende+ 4574"
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haaien,+ sloten+ koffie,+ luchtkanon,+ een+ muur+ vol+ cartoons,+ lan+ parties,+ doorzakken+ op+ 4575"
café,+ fietsen+ en+ vliegen,+ gezelschapsspelen,+ klauteren+ boven+ een+ moeras...+ Teveel+ 4576"
geniale+ herinneringen+ om+ hier+ allemaal+ op+ te+ halen.+ Nodig+ me+ gerust+ nog+ eens+ uit.+ 4577"
Nuchter+ of+ iets+ minder.+ Jullie+ waren+ de+ max!+ Wim,+ Daisy,+ Tim,+ Gerben,+ Selin,+ Geert,+ 4578"
Joachim,+Simon,+Alexander,+Klaas,+Sandra,+Jeroen,+Elvis,+Volodimir,+Steven,+Tine,+Eline...+ 4579"
Merci,+bedankt,+succes,+het+ga+jullie+goed,+tot+gauw!+ 4580"
Een+mens+doet+geen+onderzoek+zonder+op+administratieve+en+andere+pilaren+te+steunen.+ 4581"
Enerzijds+ binnen+ onze+ vakgroep.+ Bedankt+ Ruth+ en+ zeker+ Timpe+ voor+ hulp+ allerlei,+ het+ 4582"
beantwoorden+van+duizendAenAéén+vragen,+en+het+regelen+van+o+zo+vele+zaken.++Ook+de+ 4583"
rest+van+BW10,+daar+zo+ver+aan+de+andere+kant+van+de+AAblok,+merci+voor+hulp+klein+en+ 4584"
groot,+ sinterklaas,+ ijsjes+ in+ de+ binnentuin,+ nieuwjaarsfeestjes,+ gelukwensen…+Bedankt.+ 4585"
En+ verder,+ mensen+ van+ het+ FSA,+ decanaat+ en+ andere+ diepverscholen+ krochten+ in+ dit+ 4586"
mooie+boerekot.+Jullie+zagen+mijn+naam+waarschijnlijk+al+passeren+toen+ik+hier+nog+geen+ 4587"
stap+ had+ gezet.+ Meer+ dan+ 9+ jaar+ lang+ hielpen+ jullie+ achter+ en+ voor+ de+ schermen+ aan+ 4588"
zoveel+ zaken.+ Sofie+ en+ Nadine,+ bedankt+ voor+ de+ geduldige+ steun+ tijdens+ deze+ laatste+ 4589"
pittige+weken+en+maanden!+En+jij+Frank,+bedankt+voor+het+nalezen!++ 4590"
To+the+andere+point+nu!+ 4591"
Een+PhD+thesis+ is+een+ding.+Slapen+een+ander.+En+alles+wat+daarvoor,+daartussen,+daarA 4592"
boven+of+daarna+gebeurt,+ is+hetgeen+waarover+en+over+wie+ ik+het+hier+ga+hebben.+Mijn+ 4593"
beste+ vrienden,+ dichtbij+ en+ veraf.+ Het+ zijn+ jullie+ waarmee+ ik+mijn+ studententijd+ tot+ de+ 4594"
mooiste+van+mijn+ leven+gemaakt+hebt.+Of+dat+zegt+het+cliché+althans.+ Ik+kan+alleen+beA 4595"
amen,+ en+ of+we+ genoten+ hebben.+Duust+ leuke+ herinneringen+ aan,+ en+ zeker+ nog+ duust+ 4596"
leuke+herinneringen+in+de+maak.+Weekends+en+vrije+momenten+vliegen+met+jullie+voorbij.+ 4597"
Altijd+weer+zo+leuk.+Altijd+dikke+fun.+Jullie+zijn+de+max.+ 4598"
Mama+en+papa,+28+jaar+geleden+zetten+jullie+me+op+de+wereld.+Het+echte+begin+van+mijn+ 4599"
avontuur.+Met+jullie+aanmoediging,+altijd.+Nu+ik+er+zelf+één+lopen+heb,+kan+ik+alleen+maar+ 4600"
hopen+dat+ik+er+net+zo+goed+in+slaag+als+jullie.+Want+dat+deden+jullie.+Altijd+paraat,+altijd+ 4601"
met+goede+raad,+beide+voetjes+op+de+grond.+Hard+werken,+maar+toch+genieten+van+ieder+ 4602"
familiemoment.+Al+die+kansen+en+mogelijkheden.+Zoveel+heb+ ik+van+ jullie+geleerd.+Een+ 4603"
rugzak+vol+levensbagage+gaven+jullie+me+mee+toen+ik+het+nest+verliet.+Ze+is+al+heel+vaak+ 4604"
van+pas+gekomen.+Meer+dan+ik+ooit+zou+durven+toegeven.+Ik+kom+ze+graag+zo+nu+en+dan+ 4605"
weer+eens+wat+aanvullen.++ 4606"
Lieve+zussen,+groot+en+klein.+Zoveel+gelijkenissen+en+toch+zo+verschillend.+Wat+een+maA 4607"
gistrale+jeugd.+Samen+spelen,+ravotten+en+ruziestoken.+Met+veel+plezier+en+met+graagte+ 4608"
gedaan.+Van+ jongs+ af+ aan+de+bergen+ in.+Gelukkig+niet+meer+met+ een+plastiek+drinkfles+ 4609"
rond+onze+nek.+Wat+waren+we+een+trio.+Fotogeniek,+en+soms+toch+een+tikkie+marginaal.+ 4610"
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Het+zal+wel+aan+de+jaren+90+gelegen+hebben.+En+nu+allen+onze+eigen+weg.+Niet+ver+weg,+ 4611"
maar+toch+niet+meer+onder+1+dak.+Gelukkig+maar+een+telefoontje+verwijderd.+Getuige+zijn+ 4612"
op+jullie+beider+trouw,+het+doet+me+toch+wel+iets.+Altijd+kan+ik+op+jullie+terugvallen.+Wat+ 4613"
een+liefdevolle+luxe.++ 4614"
En+last+but+not+least.+Een+zin+die+waarschijnlijk+menig+dankwoord+siert.+Een+cliché+als+een+ 4615"
huis.+Maar+toch+zo+vol+waarheid.+Het+moeilijkste+stukje.+Mijn+vriend,+mijn+lief,+droom+van+ 4616"
een+vrouw.+Alles+gaat+zoveel+makkelijker+met+jou+aan+mijn+zij.+Altijd+weer+paraat,+altijd+ 4617"
die+rots+waar+ik+op+kan+balanceren.+Je+brengt+zoveel+rust.+Op+naar+duizendAenAéén+nieuA 4618"
we+avonturen.+ Je+bent+alles+en+meer+dan+ ik+had+kunnen+dromen,+ ik+zie+ je+graag!+En+ jij,+ 4619"
onze+ kleine+ vriend,+ ooit+ lees+ je+ dit+ boekje+ misschien+ wel.+ De+ inhoud+ volledig+ voorA 4620"
bijgestreefd+en+achterhaald.+Maar+we+bladeren+er+wel+eens+door,+samen.+Dan+vertel+ik+je+ 4621"
honderduit.+ De+ nostalgie+ aan+ deze+ periode+ zal+ er+ nog+ steeds+ inzitten.+ Geniet+ nu+ nog+ 4622"
maar+lang+van+je+onbezorgde+onschuldigheid.+Met+je+grote+kijkers.+Kleine+deugniet.+Papa+ 4623"
ziet+je+graag.++ 4624"
En+als+uitsmijter.+Nee,+ ik+ben+ je+niet+ vergeten.+Heilige+ tweevuldigheid.+Een+en+ondeelA 4625"
baar.+Mijn+ oAzoAgeliefde+VLK+ en+ boerekot.+Machtige+ tijden.+ Voor+ eeuwig+ in+mijn+ hart.+ 4626"
Erudimus+qui+custodient,+terrae+fertilitatem.+ 4627"
+ 4628"
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General$information$ 4633"
Name& Jeroen+Crappé+ + 4634"
Address+ Driesstraat+55+ 4635"
+ 9800+Deinze+ 4636"
+ Belgium+ 4637"
Mobile+ +32A(0)478A610679+ 4638"
ELmail& jeroencrappe@gmail.com+ + 4639"
Date&of&birth+ 08+February+1987+ 4640"
Place&of&birth+ Brugge,+Belgium+ 4641"
Working$experience$ 4642"
2010L2014& Ghent&University&–&Lab&for&Computational&Genomics&and&& 4643"
& Bioinformatics& 4644"
Doctoral.Researcher.&.IWT.Scholarship,.Institute.for.Science.and.Technology. 4645"
2012&L&2013& Ghent&University&–&Communication&Project&Science&and&Society& 4646"
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biotechnology..Public.perception.of.biotech.crops.. 4648"
Education$ 4649"
2007&L&2010+ Ghent+University:+MSc+in+Bioscience+Engineering+A+Cell+and+Gene++ 4650"
+ Biotechnology+ 4651"
2005&L&2007+ Ghent+University:+BSc+in+Bioscience+Engineering+A+Cell+and+Gene++ 4652"
+ Biotechnology+ 4653"
1999&L&2005+ SintALodewijkscollege+Brugge:+Mathematics+–+Science+(8h)+ 4654"
+ 4655"
Activities$and$Societies$ 4656"
2008&L&2010& Vice+ President+&+ President+ of+ Cultural+ affairs,+ Vlaamse+ Levenstechnische+ 4657"
Kring,+ Official+ Student+ Union,+ Faculty+ of+ Bioscience+ Engineering,+ Ghent+ 4658"
University+ + 4659"
2008&L&2010& Student+ representative+ in+ the+ faculty+ building+ committee,+ Faculty+ of+BioA 4660"
science+Engineering,+Ghent+University+ + 4661"
+ 4662"
+ 4663"
+ + 4664"
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Publications$ 4665"
Jeroen+ Crappé,+ Steven+ Verbruggen,+ Wim+ Van+ Criekinge,+ Gerben+ Menschaert+ (2015),+ 4666"
RIBOsORF:&a&ribosome&profiling&based&sORF&identification&pipeline.&In.prepara& 4667"
tion. 4668"
Jeroen+Crappé,+Elvis+Ndah,+Alexander+Koch,+Sandra+Steyaert,+Daria+Gawron,+Sarah+De+ 4669"
Keulenaer,+ Ellen+ De+ Meester,+ Wim+ Van+ Criekinge,+ Petra+ Van+ Damme,+ Gerben+ 4670"
Menschaert+ (2014),+PROTEOFORMER:& deep& proteome& coverage& through& riboL 4671"
some&profiling&and&MS&integration,+NAR+Online+Methods+ 4672"
Alexander+Koch,+Daria+Gawron,+Sandra+Steyaert,+Elvis+Ndah,+ Jeroen+Crappé,+Sarah+De+ 4673"
Kelenaer,+Ellen+De+Meester,+Kris+Gevaert,+Ben+Shen,+Wim+Van+Criekinge,+Petra+Van+ 4674"
Damme,+ Gerben+ Menschaert+ (2014),+ A& proteogenomics& approach& integrating& 4675"
proteomics&and&ribosome&profiling&increaeses&the&effieciency&of&protein&identiL 4676"
fication&and&enables&the&discovery&of&alternative&translataion&start&sites,+PROA 4677"
TEOMICS! 4678"
Jeroen+Crappé,+Wim+Van+Criekinge,+Gerben+Menschaert+(2014),+Little&things&make&big& 4679"
things& happen:& a& summary& of& micropeptide& encoding& genes.& EUPA+ Open+ 4680"
Proteomics+ 4681"
+ 4682"
Jeroen+Crappé,+Wim+Van+Criekinge,+Geert+Trooskens,+Eisuke+Hayakawa,+Walter+Luyten,+ 4683"
Geert+Baggerman,+Gerben+Menschaert+(2013),+Combining&in&silico&prediction&and& 4684"
ribosome&profiling&in&a&genomeLwide&search&for&novel&putatively&coding&sORFs.+ 4685"
BMC+Genomics,+14:648+ 4686"
+ 4687"
Gerben+ Menschaert,+ Wim+ Van+ Criekinge,+ Tineke+ Notelaers,+ Alexander+ Koch,+ Jeroen+ 4688"
Crappé,+Kris+Gevaert,+Petra+Van+Damme+(2013),+Deep&proteome&coverage&based& 4689"
on& ribosome& profiling& aids& MSLbased& protein& and& peptide& discovery& and& 4690"
provides& evidence& of& alternative& translation& products& and& nearLcognate& 4691"
translation&initiation&events.&Molecular+&+Cellular+Proteomics,+12:1780A1790+ 4692"
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(2013),+Genome&wide&geneLexpression&analysis&of& facultative& reproductive&diaL 4695"
pause& in& the& twoLspotted& spider& mite& Tetranychus' urticae,+ BMC+ Genomics,+ 4696"
14:815+ 4697"
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"
Conference$participations$ 4698"
Poster+presentation+(P)+/+Participation+(*)+ 4699"
A MRP+ Bioinformatics+ A+ From+ Nucleotides+ to+ Networks+ (N2N):+ 2012+ Event;+ 4700"
Zwijnaarde,+Belgium;+May+21,+2014+(*)+ 4701"
A Belgian+Peptide+Group+Meeting;+Gent,+Belgium;+February+10A11,+2014+(P)+ 4702"
A MRP+ Bioinformatics+ A+ From+ Nucleotides+ to+ Networks+ (N2N):+ 2012+ Event;+ 4703"
Zwijnaarde,+Belgium;+September+13,+2013+(P)+ 4704"
A EMBO+Conference+Series:+Protein+Synthesis+and+Translational+Control;+Heidelberg,+ 4705"
Germany;+September+8A13,+2013+(*)+ 4706"
A 2nd+ International+ Conference+ on+ Genomics+ in+ Europe+ (ICGAEurope+ 2013);+ Gent,+ 4707"
Belgium;+June+26A28,+2013+(P)+ 4708"
A 61rd+ASMS+Conference+on+Mass+spectrometry+and+Allied+Topics;+Minneapolis,+USA;+ 4709"
June+9A13,+2013+(*)++ 4710"
A Belgium+ Proteomics+ Association+ Conference+ (BePAc);+ Gent,+ Belgium;+ November+ 4711"
29A30,+2012+(P)+ 4712"
A MRP+ Bioinformatics+ A+ From+ Nucleotides+ to+ Networks+ (N2N):+ 2012+ Event;+ 4713"
Zwijnaarde,+Belgium;+September+5,+2012+(P)+ 4714"
A Belgian+Peptide+Group+Meeting;+Brussels,+Belgium,+February+9A10,+2012+(P)+ 4715"
A Benelux+ Bioinformatics+ Conference+ (BBC)+ 2011;+ Luxembourg,+ Luxembourg;+ DeA 4716"
cember+12A13,+2011+(P)+ 4717"
A WOUD+A+Bioinformatics:+Tools+in+Research;+Ghent,+Belgium;+September+28,+2011+(*)+ 4718"
A MRP+ Bioinformatics+ A+ From+ Nucleotides+ to+ Networks+ (N2N):+ KickAOff+ Event;+ 4719"
Zwijnaarde,+Belgium;+May+4,+2011+(P)+ 4720"
A Proteomics+ and+ the+ world+ of+ tomorrow;+ Antwerpen,+ Belgium;+ December+ 16A17,+ 4721"
2010+(*)+ 4722"
A NXTAGNT+Sequencing+Genes:+KickAOff+Event;+Ghent,+Belgium;+8+May,+2009+(*)++ 4723"
$ 4724"
Awards$&$honors$ 4725"
A Belgium+Proteomics+Association+Conference+(BePAc)+2012+A+Best&Poster&+ 4726"
Presentation&Award+ 4727"
A Ghent+University+awards+for+Education,+Research+and+Public+and+Scientific++ 4728"
Engagement+(2011)+A+Nominated&for&the&Hermes&award+(Public+engagement)+ 4729"
A + 4730"
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Appendix'File'4.1:'H2G2.login.credentials.and.sORFs.database.access+ 4763"
H2G2!login!credentials!& 4764"
The+H2G2+Genome+Browser+can+be+accessed+via+the+URL+ 4765"
http://h2g2.ugent.be/biobix.html+using+the+following+login+credentials:++ 4766"
Name:+micropeptides++ 4767"
Password:+m!cropept!des++ 4768"
In+the+upper+left+corner+under+“Select+Project”+one+can+choose+“Mouse+micropeptides”.+ 4769"
The+genome+browser+software+ lets+you+zoom+from+the+chromosome+to+the+nucleotide+ 4770"
level+in+a+semantic+way,+as+such+data+is+loaded+and+displayed+according+to+the+zooming+ 4771"
level+and+region+displayed.++ 4772"
Extra+information+in+the+form+of+static+and+sample+tracks+can+be+dragged+into+the+visualiA 4773"
zation+field+from+the+left.++ 4774"
Further+ information+ on+ the+ usage+ of+ the+ H2G2+ genome+ browser+ can+ be+ found+ in+ the+ 4775"
Manual,+ which+ can+ be+ downloaded+ here:+ http://h2g2.ugent.be/downloads/+ ManuA 4776"
alV1_0.pdf.++ 4777"
sORFs!Database!! 4778"
The+complete+sORFs+database+(690+mb)+contains+all+the+identified+Mus+musculus+sORFs+ 4779"
with+ all+ deduced+ peptide+ conservation+ characteristics+ and+ coding+ potential+ score.+ This+ 4780"
database+ can+ be+ downloaded+ via+ the+ URL+ http://h2g2.ugent.be/share/sorfsdatabase/+ 4781"
using+the+following+login+credentials:++ 4782"
Name:+micropeptides++ 4783"
Password:+m!cropept!des++ 4784"
+ + 4785"
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Appendix'File'4.2:'Example.of.an.overview.file.generated.for.each.sORF..This.file.contains. 4786"
the.DNA.and.AA.multiple.alignments. for. the. sORF.and. serves.as.a. starting.point. for. the. 4787"
calculation.of.all.peptide.conservation.characteristics,.which.can.be.found. in.the.file. itself. 4788"
but.also. in. the.sORF.database. (See.Appendix.File.4.1)..Species. in. the.multiple.alignment:. 4789"
Mus.Musculus. (mm9),.Rattus.norvegicus. (rn4),.Cavia.porcellus. (cavPor2),.Oryctolagus.cu& 4790"
niculus. (oryCun1),.Homo.sapiens. (hg18),.Bos.taurus. (bosTau3),.Echinops.telfairi. (echTel1),. 4791"
and.Monodelphis.domestica.(monDom4). 4792"
' 4793"" " 4794"
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Appendix'File'4.3:'This.file.contains.all.sORFs.overlapping.ncRNA.or.intergenic.regions.for. 4795"
which. ribosomal. profiling. evidence. exists.. Included.are. the. genomic. locations,. all. peptide. 4796"
conservation. characteristics. and. coding. potential. score.. It. can. be. downloaded. from:. 4797"
http://www.biomedcentral.com/1471&2164/14/648/suppl/S2.. 4798"
. . 4799"
188! Appendix"
"
Appendix'File'5.1:'Readme.file.for.manual.installation.of.the.PROTEOFORMER.script& 4800"
based.tool...It.can.be.downloaded.from:. 4801"
http://www.biobix.be/proteoformer_data/Readme_cmd.txt. 4802"
' 4803"
' 4804"
Appendix'File'5.2:'Metagenic.functional.classification& 4805"
4806"
Appendix' Figure' 5.2a'Metagenic. functional. classification. of. the. uniquely.mapped.RIBO& 4807"
seq. profiles. deduced. from. the. ribosome. protected. fragments. (RPFs). of. mouse. initiating. 4808"
ribosomes..A.first.quality.control.classifies.the.obtained.ribosome.footprints.using.Ensembl. 4809"
gene.annotations..(A).Pie.chart.representation.of.the.percentage.of.RPFs.that.align.to.exo& 4810"
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nic,.UTR.and.intronic.regions.of.protein&coding.transcripts..RPFs.that.could.not.be.classified. 4811"
in.one.of.these.protein&coding.transcripts,.were.assigned.to.non&protein&coding.transcripts. 4812"
(i.e.. ‘other. biotypes’). where. possible,. otherwise. these. are. classified. as. intergenic.. (B). Pie. 4813"
chart.depicting. the.biotype.distribution.of. the. ribosome. footprints. classified.as. ‘other.bio& 4814"
types’.in.chart.(A).. 4815"
' 4816"
Appendix' Figure' 5.2b'Metagenic. functional. classification. of. the. uniquely.mapped.RIBO& 4817"
seq.profiles.deduced. from. the. ribosome.protected. fragments. (RPFs).of.human.elongating. 4818"
ribosomes..A.first.quality.control.classifies.the.obtained.ribosome.footprints.using.Ensembl. 4819"
gene.annotations..(A).Pie.chart.representation.of.the.percentage.of.RPFs.that.align.to.exo& 4820"
nic,.UTR.and.intronic.regions.of.protein&coding.transcripts..RPFs.that.could.not.be.classified. 4821"
in.one.of.these.protein&coding.transcripts,.were.assigned.to.non&protein&coding.transcripts. 4822"
(i.e.. ‘other. biotypes’). where. possible,. otherwise. these. are. classified. as. intergenic.. (B). Pie. 4823"
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chart.depicting. the.biotype.distribution.of. the. ribosome. footprints. classified.as. ‘other.bio& 4824"
types’.in.chart.(A).. 4825"
' 4826"
' 4827"
Appendix'Figure'5.2c'Metagenic.functional.classification.of.the.uniquely.mapped.RIBO&seq. 4828"
profiles. deduced. from. the. ribosome. protected. fragments. (RPFs). of. human. initiating. ribo& 4829"
somes.. A. first. quality. control. classifies. the. obtained. ribosome. footprints. using. Ensembl. 4830"
gene.annotations..(A).Pie.chart.representation.of.the.percentage.of.RPFs.that.align.to.exo& 4831"
nic,.UTR.and.intronic.regions.of.protein&coding.transcripts..RPFs.that.could.not.be.classified. 4832"
in.one.of.these.protein&coding.transcripts,.were.assigned.to.non&protein&coding.transcripts. 4833"
(i.e.. ‘other. biotypes’). where. possible,. otherwise. these. are. classified. as. intergenic.. (B). Pie. 4834"
chart.depicting. the.biotype.distribution.of. the. ribosome. footprints. classified.as. ‘other.bio& 4835"
types’.in.chart.(A).. . 4836"
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Appendix'File'5.3:'Footprint.gene.distributions' 4837"
4838"
Appendix' File' 5.3a'Gene. distributions. of. the. ribosomal. footprint. count. per. gene. for. the. 4839"
uniquely.mapped.RIBO&seq.profiles.deduced.from.the.RPFs.of.mouse. initiating.ribosomes.. 4840"
(A). Ranked. gene. abundance. plot. ranging. from. the.most. to. the. least. covered. genes.. (B). 4841"
Cumulative. gene. distribution. plot. ranging. from. the.most. to. the. least. covered. genes.. (C). 4842"
Gene.density.plot.. 4843"
4844"
Appendix'Figure'5.3b'Gene.distributions.of.the.ribosomal.footprint.count.per.gene.for.the. 4845"
uniquely. mapped. RIBO&seq. profiles. deduced. from. the. RPFs. of. human. elongating. ribo& 4846"
somes..(A).Ranked.gene.abundance.plot.ranging.from.the.most.to.the.least.covered.genes.. 4847"
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(B).Cumulative.gene.distribution.plot.ranging.from.the.most.to.the.least.covered.genes..(C). 4848"
Gene.density.plot... 4849"
4850"
Appendix'Figure'5.3c'Gene.distributions.of.the.ribosomal.footprint.count.per.gene.for.the. 4851"
uniquely.mapped.RIBO&seq.profiles.deduced.from.the.RPFs.of.human.initiating.ribosomes.. 4852"
(A). Ranked. gene. abundance. plot. ranging. from. the.most. to. the. least. covered. genes.. (B). 4853"
Cumulative. gene. distribution. plot. ranging. from. the.most. to. the. least. covered. genes.. (C). 4854"
Gene.density.plot..' 4855"
4856"
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Appendix'File'5.4'Readme.file.for.the.implementation.of.the.PROTEOFORMER.approach. 4857"
within.a.Galaxy.instance..It.can.be.downloaded.from:. 4858"
http://www.biobix.be/proteoformer_data/README_galaxy.txt' 4859"
+ 4860"
+ 4861"
Appendix'File'5.5:'Manual.curation.of.uORF.translation+ 4862"
To+ further+ validate+ the+ uORF+ translation+ products,+ we+ inspected+ the+ peptideAtoA 4863"
spectrum+matching+ (PSM)+specifications,+using+ the+PeptideShaker+ tool+ (http://peptideA 4864"
shaker.googlecode.com+ (Barsnes+et+al.,+2011;+Vaudel+et+al.,+2011)).+Afterwards+we+also+ 4865"
investigated+ the+ corresponding+ gene+ model+ using+ the+ Ensembl+ genome+ browser+ 4866"
(http://www.ensembl.org"(Flicek"et"al.,"2014))+and+applied+the+FGENESH+gene+structure+ 4867"
prediction+ tool+ (http://www.softberry.com" (Solovyev" et" al.," 2006))+ to+ scan+ the+ unA 4868"
spliced+genetic+code+(with+2000+upstream+and+downstream+flanking+sequence)+for+extra+ 4869"
gene+predictions.+Clustal+Omega+(http://www.clustal.org/omega/"(Sievers"et"al.,"2011))+ 4870"
was+used+to+align+existing+with+newly+identified+proteoforms.+ 4871"
In+total+only+a+handful+of+uORF+translation+products+were+withheld:+ 4872"
++
mESC++
shotgun+
mESC++
Nterm+
HCT116++
shotgun+
HCT116++
Nterm+
uORF++
proteoform+ 3+ 2+ A+ A+
. 4873"
The.complete.validation.file.can.be.downloaded.from:. 4874"
http://nar.oxfordjournals.org/content/suppl/2014/12/15/gku1283.DC1/nar&03263&met&g& 4875"
2014&File006.pdf' ' 4876"
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' 4877"
Appendix'File'5.6:'RPF.length.distributions. 4878"
4879"
Appendix' Figure' 5.6. RPF. length. distributions,. split. based. on. chromosomes,. for. human. 4880"
RIBO&seq.data.. (A).RPF. length.distribution.of.elongating.ribosomes,.based.on.STAR.tran& 4881"
scriptome.mapper.. (B).RPF. length.distribution.of. elongating. ribosomes,. based.on.TopHat. 4882"
transcriptome.mapper.. (C).RPF. length.distribution.of. initiating. ribosomes,.based.on.STAR. 4883"
transcriptome.mapper..(D).RPF.length.distribution.of.initiating.ribosomes,.based.on.TopHat. 4884"
transcriptome.mapper.. 4885"
. 4886"
. 4887"
. 4888"
. 4889"
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Appendix'File'5.7:'General.overview.of.peptide.and.protein.identifications..(A).List.of.all.3. 4890"
772.mouse.protein.products.identified.in.mESC.cell.lysates..(B).List.of.all.2.853.human.pro& 4891"
tein.products. identified. in.HCT116.WT.(wild. type).cell. lysates.. . (C).List.of.all.1.589.mouse. 4892"
protein.N&terminal.peptides.(start.=.1.or.2,.Arg&C.type,.Nterm.Ac.or.13C2D3Ac). identified.in. 4893"
mESC.cell. lysates.. (D).List.of.all.1.312.human.protein.N&terminal.peptides. (start.=.1.or.2,. 4894"
Arg&C.type,.Nterm.Ac.or.13C2D3Ac).identified.in.HCT116.WT.(wild.type).cell.lysates..It.can.be. 4895"
downloaded. from:. http://nar.oxfordjournals.org/content/suppl/2014/12/15/gku1283.DC1/. 4896"
nar&03263&met&g&2014&File009.xlsx" 4897"
' 4898"
. 4899"
Appendix'File'5.8:.RPF.count.correlation.plots. 4900"
4901"
Appendix'Figure'5.8a.Correlation.plots.of.RPF.counts.(RIBO&seq).with.protein.abundance. 4902"
estimates. based. on.NSAF. values. for.mouse.. (A). All. annotated. TIS. (aTIS). transcripts.. (B). 4903"
Validated.aTIS. transcripts. (i.e.. transcripts.with. a. spectral. count. ≥. 2).. (C). aTIS. transcripts. 4904"
with.an.RPF.count.≥.200..(D).Validated.aTIS.transcripts.with.an.RPF.count.≥.200..The.re& 4905"
gression.line.is.shown.in.green..For.each.plot.the.number.of.data.points.used.(i.e..the.num& 4906"
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ber.of.aTIS.transcripts).as.well.as. the.corresponding.Pearson.correlation.coefficient. (r2). is. 4907"
shown.. 4908"
4909"
Appendix'Figure'5.8b.Correlation.plots.of.RPF.counts.(RIBO&seq).with.protein.abundance. 4910"
estimates.based.on.emPAI.values. for.human.. (A).All.annotated.TIS. (aTIS). transcripts.. (B). 4911"
Validated.aTIS. transcripts. (i.e.. transcripts.with. a. spectral. count. ≥. 2).. (C). aTIS. transcripts. 4912"
with.an.RPF.count.≥.200..(D).Validated.aTIS.transcripts.with.an.RPF.count.≥.200..The.re& 4913"
gression.line.is.shown.in.green..For.each.plot.the.number.of.data.points.used.(i.e..the.num& 4914"
ber.of.aTIS.transcripts).as.well.as. the.corresponding.Pearson.correlation.coefficient. (r2). is. 4915"
shown.. 4916"
. 4917"
. 4918"
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4919"
Appendix'Figure'5.8c.Correlation.plots.of.RPF.counts.(RIBO&seq).with.protein.abundance. 4920"
estimates. based. on.NSAF. values. for. human.. (A).All. annotated.TIS. (aTIS). transcripts.. (B). 4921"
Validated.aTIS. transcripts. (i.e.. transcripts.with. a. spectral. count. ≥. 2).. (C). aTIS. transcripts. 4922"
with.an.RPF.count.≥.200..(D).Validated.aTIS.transcripts.with.an.RPF.count.≥.200..The.re& 4923"
gression.line.is.shown.in.green..For.each.plot.the.number.of.data.points.used.(i.e..the.num& 4924"
ber.of.aTIS.transcripts).as.well.as. the.corresponding.Pearson.correlation.coefficient. (r2). is. 4925"
shown.. 4926"
. . 4927"
198! Appendix"
"
Appendix'File'5.9:.Depiction.of.the.HDGF.5'extension. 4928"
4929"
Appendix'Figure'5.9.Depiction.of.the.HDGF.5’&extension.predicted.by.RIBO&seq.and.identi& 4930"
fied. using. N&terminal. COFRADIC. for. both. the. human. (HDGF_HUMAN,. A). and. mouse. 4931"
(HDGF_MOUSE,.B).orthologous.proteoforms..The.UCSC.genome.browser.was.used.to.cre& 4932"
ate. the. plots. of. the.RIBO&seq. and.N&terminal. COFRADIC.data. and. the. different. browser. 4933"
tracks. are. from. top. to. bottom:. CHX. treatment. data,. LTM/HARR. treatment. data,. N& 4934"
terminal.COFRADIC.data,.UCSC.genes,.RefSeq.genes.and.human/mouse.mRNA.from.Gen& 4935"
Bank.. The. different. start. sites. (i:. alternative. start. site,. ii:. canonical. start. site). are. clearly. 4936"
Appendix" 199"
"
visible.in.the.zoomed.genome.browser.views..The.MS/MS.spectra.and.sequence.fragmenta& 4937"
tions.indicate.the.confidence.and.quality.of.the.N&terminal.peptide.identifications..In.both. 4938"
cases.the.N&terminus.was.found.to.be.Nt&acetylated.(ace&),.a.co&translational.protein.modi& 4939"
fication. indicative. of. translation. initiation,. and. the. initiator. methionine. removed. by. the. 4940"
action.of.methionine.aminopeptidase.or.MetAP.' 4941"
. 4942"
. 4943"
Appendix'File'5.10.RPF.count.correlation.plots.for.Swiss&Prot.unique.proteins. 4944"
4945"
Appendix'Figure'5.10.Correlation.plots.of.RPF&counts.(RIBO&seq).with.NSAF&based.protein. 4946"
abundance.estimates.for.the.proteins.uniquely.identified.in.Swiss&Prot..These.proteins.were. 4947"
not. derived. from.RIBO&seq. data,. because. the. LTM. treatment. and/or. TIS. calling. failed. to. 4948"
identify.these.TISs..Correlations.could.still.be.calculated.as.the.CHX.treatment.did.result.in. 4949"
detectable.coverage.for.these.transcripts..(A).All.annotated.TIS.(aTIS).transcripts..(B).Vali& 4950"
dated.aTIS.transcripts.(i.e..transcripts.with.a.spectral.count.≥.2).. (C).aTIS.transcripts.with. 4951"
an.RPF.count.≥.200..(D).Validated.aTIS.transcripts.with.an.RPF.count.≥.200..The.regression. 4952"
line.is.shown.in.green..For.each.plot.the.number.of.data.points.used.(i.e..the.number.of.aTIS. 4953"
transcripts).as.well.as.the.corresponding.Pearson.correlation.coefficient. (r2). is.shown..The. 4954"
number.of.data.points.used. in.every.plot. is. lower. than.the. total.number.of.unique.Swiss& 4955"
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Prot.identifications.(253),.because.whenever.a.Swiss&Prot.protein.corresponded.to.multiple. 4956"
transcripts.only.the.transcript.with.the.highest.normalized.RPF.value.was.used.. 4957"
+ 4958"
Appendix'File'5.11.PROTEOFORMER.galaxy.quality.control.workflow. 4959"
4960"
Appendix'Figure'5.11.Screenshot.depicting.a.Galaxy.workflow.containing.all.steps.of.the. 4961"
PROTEOFORMER.tool.Quality.Control. in.combination.with.FastQC.Read.Quality.Control.. 4962"
The. Galaxy. workflows. can. also. be. downloaded. from. the. PROTEOFORMER. website. 4963"
(www.biobix.be/proteoformer)... 4964"
. . 4965"
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Appendix'File'6.1'The.influence.of.the.different.filtering.steps.on.the.identification.of.sORF. 4966"
sequences. 4967"
4968"
Appendix'Figure'6.1a'Venn.diagram.showing.the. influence.of.the.different.filtering.steps. 4969"
on. their. own.and. in. combination.with. the.other. filters.on. the. identification.of. interesting. 4970"
and.putative.sORF.sequences.in.the.HCT116.sample... 4971"
. 4972"
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4973"
Appendix'Figure'6.1b'Venn.diagram.showing.the. influence.of.the.different.filtering.steps. 4974"
on. their. own.and. in. combination.with. the.other. filters.on. the. identification.of. interesting. 4975"
and.putative.sORF.sequences.in.the.mESC.sample.. 4976"
. 4977"
. 4978"
. 4979"
. 4980"
. 4981"
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Appendix'File'6.2'FLOSS.distinguishes.true.ribosome.footprints.on.coding.and.non&coding. 4982"
sequences.. 4983"
4984"
Appendix'Figure'6.2a'Fragment.length.analysis.plots.for.the.HCT116.sample.using.RIBO& 4985"
sORF..Fragment.length.analysis.plots.of.total.reads.and.FLOSS.for.(A).all. identified.puta& 4986"
tive.sORF.sequences,.(B).lncRNA.sORFs.and.(C).the.nuclear.coding.sequences.used.in.order. 4987"
to.calculate.the.sliding.window.cut&off.or.smoother... 4988"
. 4989"
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4990"
Appendix' Figure'6.2b'Fragment. length. analysis. plots. for. the.mESC. sample. using.RIBO& 4991"
sORF..Fragment.length.analysis.plots.of.total.reads.and.FLOSS.for.(A).all. identified.puta& 4992"
tive.sORF.sequences,.(B).lncRNA.sORFs.and.(C).the.nuclear.coding.sequences.used.in.order. 4993"
to.calculate.the.sliding.window.cut&off.or.smoother.. 4994"
. . 4995"
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Appendix' File' 6.3. General. overview. of. stringent. sORF. identifications.. Included. are. the. 4996"
sORF.identifications.in.both.the.human.(HCT116).and.the.mouse.(mESC).sample.that.pass. 4997"
all. parameter. settings. and. filtering. steps. as. described. in. the. Material. and.Methods. and. 4998"
Result. sections.. It. can. be. downloaded. from:. 4999"
http://www.biobix.be/PhD_JC/Appendix_table_6_3.xlsx. 5000"
' 5001"
Appendix'File'6.4'Access.to.our.in&house.Galaxy.environment..Full.RIBOsORF.tool.access. 5002"
is. granted. through. our. Galaxy. environment,. which. is. available. at. http://athos.ugent.be,. 5003"
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